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About the Cover

The cover shows the Acoustic Wavenumber Spectroscopy (AWS) system
scanning a 600-mm by 7-mm-thick carbon-fiber-reinforced polymer
panel. The panel had been subjected to projectile impact that induced
internal delamination of the composite layers without any visible indica-
tions of damage to the external surface. AWS generates nondestructive
evaluation (NDE) results live during a scan, projecting them back onto
the panel just behind the horizontal laser scan line (seen in red) as it is
swept from top to bottom. The graphic shows a zoomed region of the
final NDE result after automated thresholding and scaling. The color
indicates the relative ply depth of the delamination, with red being
closest to the scan surface. Start to finish, the entire scan takes less than
eight seconds. AWS applications (as shown on the inset graphics include) include maintenance of (1) military assets, (2)
energy production facilities like wind turbines, and (3) commercial aircraft. AWS is the winner of a 2014 R&D 100 Award.
More about the technology can be found on page 18 of this report.
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Disclaimer

The Los Alamos National Laboratory strongly supports academic freedom and a researcher’s right to publish; therefore,
the Laboratory as an institution does not endorse the viewpoint of a publication or guarantee its technical correctness.
With respect to documents available from this server, neither the United States Government nor the Los Alamos
National Security, LLC., nor any of their employees, makes any warranty, express or implied, including the warranties

of merchantability and fitness for a particular purpose, or assumes any legal liability or responsibility for the accuracy,
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recommendation, or favoring by the United States Government or the Los Alamos National Security, LLC. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the United States Government or
the Los Alamos National Security, LLC., and shall not be used for advertising or product endorsement purposes. Unless
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the U.S. Department of Energy. The U.S. Government has rights to use, reproduce, and distribute this information. The
public may copy and use this information without charge, provided that this Notice and any statement of authorship are
reproduced on all copies. Neither the Government nor LANS makes any warranty, express or implied, or assumes any
liability or responsibility for the use of this information.
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Structure of this Report

In accordance with U.S. Department of Energy Order (DOE) 413.2B, the Laboratory Directed Research and Development
(LDRD) annual report for fiscal year 2014 (FY14) provides summaries of each LDRD-funded project for the fiscal year, as
well as full final reports on completed projects. The report is organized as follows:

Overview: An introduction to the LDRD Program at Los Alamos National Laboratory (LANL), the program’s structure
and strategic value, the LDRD portfolio management process, and highlights of outstanding accomplishments by LDRD
researchers.

Project Summaries: The project summaries are organized first by science and technology categories: Physics, Chemistry
and Material Sciences, Environmental and Biological Sciences, Information Science and Technology, and Technology.
Within each category, summaries are organized by LDRD component in the following order: Directed Research (DR,
Exploratory Research (ER), Early Career Research (ECR), and Postdoctoral Research and Development (PRD). Full final
reports are included at the end of each section.

Projects are listed in numerical order according to their project identification number, which consists of three parts. The
first is the fiscal year in which the project began; the second is a unique numerical identifier; and the third identifies the
project component.
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with SQUIDs
Andrei N. Matlashov

Electron Capture Spectroscopy for Neutrino Mass:
Isotopes, Science, and Technology Development
Michael W. Rabin

Micro-Mirror Full-Frame Programmable Spectral
Filters for the Long-wave Infrared
Steven P. Love

Time Resolved Phonon Spectroscopy for
Cryogenic Bolometer Readout
Steven R. Elliott

Measuring Winds in the Stratosphere using
Passive Acoustic Sensors

Stephen J. Arrowsmith

Cryogenic Laser Refrigerator for Infrared Imaging
Markus P. Hehlen

Matter Wave Circuits
Changhyun Ryu

Chemical Shift Signatures of Nuclear Material:
235U and 239Pu NMR Spectroscopy
Michael T. Janicke
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Solid-State Gamma-Ray Detectors Based on
Quantum Dots
Jeffrey M. Pietryga

A Time Reversal Non Contact Acoustical Source
for NEWS (Nonlinear Elastic Wave Spectroscopy)
Pierre-Yves Le Bas

Nuclear Quadrupole Resonance: From no Field to
Ultra-Low Field

Michelle A. Espy

Time-gated Super Resolution Imaging
James H. Werner

Lanthanum Bromide Glass Ceramics for Gamma-
Ray Spectroscopy
Markus P. Hehlen

Measurement of Pressure and Temperature in
Thermal Explosions
Markus P. Hehlen

Forensic Archaeology of a Manhattan Project Era
Nuclear Site
Warren J. Oldham

Threat Reduction via Nanomaterials: Engineering
a Novel SERS Plat-form for Chemical Detection
Nathan H. Mack

Determining Physiological Predictors of Climate-
driven Forest Mortality
Nathan G. Mcdowell

Catalytic Mechanism and Inhibition of Metallo-
beta-lactamases (MBL), the Ultimate Threat
Against Antibiotics

Suzanne Z. Fisher

Single Cell Genomics for Better Control of Plant
Pathogens
Shunsheng Han

Joint Inversions of Seismic and Gravity Data in
Volcanic Areas to Advance Hazards Assessment:
A Focus on the Alaskan Subduction Zone and
Kilauea, Hawaii

Monica Maceira

Measurement of Orthogonal Velocity
Components using Photon Doppler Velocimetry
Matthew E. Briggs
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Laboratory Directed Research & Development:
A healthy program under considerable pressure

by William Priedhorsky, Los Alamos LDRD Program Manager

The National Nuclear Security Administration (NNSA) laboratories are respon-
sible for solving some of the toughest technical problems in national security.
Maintaining the nuclear weapons stockpile without testing, preventing nuclear
smuggling, and addressing environmental remediation—these tasks demand
technical expertise from the frontiers in science.

Yet by its very nature, frontier-advancing science is not necessarily applied,
and comparatively few frontier-advancing scientists enter national security
research directly. Rather, their focus and devotion must be fostered through
opportunities for cutting-edge research in the nation’s service. Long-term spe-
cialization must be complemented with the latest tools, techniques, and tal-
ent. In this regard, the Laboratory Directed Research and Development (LDRD)
program has proven particularly successful.

Established by Congress in 1991 to maintain the health and technical vitality of
the Department of Energy’s (DOE’s) national laboratories, LDRD currently is the
largest single source of capability investment in each of the three NNSA labora-
tories. Through highly competitive proposal processes, it promotes high-risk,
high-reward research designed to advance the frontier of basic science in sup-
port of laboratory missions. Indeed, LDRD-funded projects have made seminal
contributions to every facet of national security, including stockpile steward-
ship, high-energy-density matter, high-performance computing and simulation,
materials science, chemistry, information systems, biosecurity, cybersecurity,
and energy. And many key NNSA programs, as well as R&D scientists and engi-
neers, trace their roots to research that began under LDRD sponsorship.

The January 2014 Omnibus Bill signed by the President of the United States
directed all DOE labs to limit their spending on LDRD to no more than 6% of
the allowable budget. At Los Alamos, the reduction in LDRD from 8% to 6%
represented millions of dollars that had to be pulled back from our brightest
researchers working on cutting-edge R&D. A significant portion of the Labora-
tory’s current technical staff was impacted by this reduction, and with LDRD
being a critical pipeline for recruitment, a sustained LDRD reduction will un-
doubtedly impact our workforce for years to come. Some of the performance
metrics in this report reflect immediate impacts of a reduced LDRD budget.

Still, LDRD remains a critical investment for Los Alamos. It is a major vehicle
for attracting, training, and retaining new technical staff, thus filling the tal-

ent pipeline to support the broad generational turnover of national security
staff currently underway. And it builds capabilities in nearly every discipline in
science, from the prediction and control of materials in extreme conditions,

to computing at the exascale, to advances in nuclear and high-energy density
physics. By investing in LDRD, Los Alamos takes strides towards its mission to
be the National Security Science Laboratory of choice, ready to take on what-
ever complex issue the nation asks of us. 14



Laboratory Directed Research and Development is the
most prestigious source of research and development
funding at the Los Alamos National Laboratory. It follows
a strategic guidance derived from the missions of the U.S.
Department of Energy, the National Nuclear Security Ad-
ministration, and the Laboratory. To execute that strategy,
the Los Alamos LDRD program creates a free market for
ideas that draws upon the bottom-up creativity of the
Laboratory’s best and brightest researchers. The combina-
tion of strategic guidance and free-market competition
provides a continual stream of capabilities that position
the Laboratory to accomplish its missions.

The LDRD program provides the Laboratory Director with
the opportunity to strategically invest in forward-thinking,
potentially high-payoff research that strengthens the Labo-
ratory’s capabilities for national problems. Funded in FY14
with less than 6% of the Laboratory’s overall budget, the
LDRD program makes it possible for researchers to pur-
sue cutting-edge research and development. This in turn
enables the Laboratory to anticipate, innovate, and deliver
world-class science, technology, and engineering.

The Los Alamos LDRD program is organized into four
program components with distinct institutional objectives:
Directed Research (DR), flagship investments in mission
solutions; Exploratory Research (ER), smaller projects that
invest in people and skills that underpin key Laboratory
capabilities; Early Career Research (ECR), supporting the
development of early-career researchers; and Postdoc-
toral Research and Development (PRD), recruiting bright,
qualified, early-career scientists and engineers. In FY14,
the LDRD program funded 289 projects with total costs

of $123.7 million. These projects were selected through a
rigorous and highly competitive peer review process and
are reviewed formally and informally throughout the fiscal
year. The LDRD Program Office holds a reserve each year to
make modest investments that address new opportunities.
In FY14, the reserve budget was approximately $3.27M.

Directed Research

The DR component makes long-range investments in
multidisciplinary scientific projects in key competency or
technology-development areas vital to LDRD’s long-term
ability to execute Laboratory missions. In FY14, LDRD
funded 53 DR projects, which represents approximately
54% of the program’s research funds. Directed Research
projects are typically funded up to a maximum of $1.8M
per year for three years.

Directed Research is organized around Focus Areas that
define key areas of science, technology, and engineering

in support of Los Alamos missions and that map directly
to the four Los Alamos science pillars, plus an additional
multi-disciplinary Focus Area that is not captured by the
pillars. Between them, they capture the capabilities that
are essential to our Laboratory missions in the long term
(3-15 years). For each Focus Area, coordinators led a
process to engage broadly with the Lab to set investment
priorities for the FY14 Strategic Investment Plan, published

labwide.

Nuclear and Particle
Futures

ECIENCE
SUPPORTING
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Exploratory Research

The ER component is focused on developing and maintain-
ing technical staff competencies in key strategic disciplines
that form the foundation of the Laboratory’s readiness

for future national missions. Largely focused on a single
discipline, ER projects explore highly innovative ideas that
underpin Laboratory programs. In FY14, LDRD funded 128
ER projects, which represents approximately 33% of the
program’s research funds. Exploratory Research projects
are typically funded up to a maximum of $390K per year
for three years.

Unlike DR proposals, division endorsements are not
required for ER proposals; instead, this component of the
LDRD program is operated as an open and competitive
path for every staff member to pursue funding for his/

her great idea. The ER component is a critical channel for
purely bottom-up creativity at the Laboratory. Nonethe-
less, it is strongly driven by mission needs via the definition
of the 12 ER research categories, and the assignment of
investment between them.
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Directed Research Focus Areas Mission Impact

Information Science and Technology

Advance theory, algorithms, and high-performance computing
to accelerate the integrative and predictive capability of the
scientific method.

Materials for the Future

Rapidly meet mission needs based on a thorough knowledge
of materials properties and interactions in relation to
composition, structure, and scale.

Science of Signatures

Apply science and technology tools to extremely complex
problems in signature, identification, and characterization,
understanding, control or mitigation.

Nuclear and Particle Futures

Advance the Defense Programs weapons research, the
nuclear component of threat reduction, and the pursuit of
fundamental physics that underlies our understanding of the
universe.

Complex Natural and Engineered Systems

Understand, predict, integrate, design, engineer, and/or
control complex systems that significantly impact national
security, particularly those involving energy, infrastructure, or
societal sustainability.

Exploratory Research Technical Categories Laboratory Capability

Biological, Biochemical, and Cognitive Sciences

Biosciences

Chemistry and Chemical Sciences

Chemistry

Computational and Numerical Methods

Information and knowledge sciences, computer and
computational sciences

Computer Science, Mathematics, and Data Science

High-performance computing, data analysis, and data-driven
science

Defects and Interfaces in Materials

Theoretical, computation and modeling, and experimental
methods to understand defects and interfaces in materials

Earth and Environmental Sciences and Space Physics

Earth and space sciences

Engineering Applications

Weapons science and engineering, advanced manufacturing,
sensors, and remote sensing

Emergent Phenomena in Materials Functionality

Theory, computation and modelling, and experimental
methods to understand behavior of materials

High-energy Density, Plasma, and Fluid Physics

High-energy density plasmas and fluids and beams

Measurement Science, Instrumentation, and Diagnostics

Measurement methods that enable new scientific discovery

Nuclear and Particle Physics, Astrophysics, and Cosmology

Nuclear physics, astrophysics, and cosmology

Quantum and Optical Science

Fundamental interactions and excitations in atomic, optical,
and molecular systems




Early Career Research

The ECR component of the LDRD program is designed

to strengthen the Laboratory’s scientific workforce by
providing support to exceptional staff members during
their crucial early career years. The intent is to aid in

the sometimes challenging transition from postdoc to
full-time staff member, and to stimulate research in
disciplines supported by the LDRD program. In FY14, the
LDRD program funded 27 ECR projects, which represents
approximately 3% of the programs research funds. Early
Career Research projects are funded up to $225K per year
for two years, and only up to 60% of their overall funding
can be from the LDRD program.

Postdoc Research and Development

The PRD component ensures the vitality of the Laboratory
by recruiting outstanding researchers. Through this invest-
ment, the LDRD program funds postdoctoral fellows to

work under the mentorship of Pls on high-quality projects.

The primary criterion for selection of LDRD-supported
postdocs is the raw scientific and technical talent of the

candidate, with his or her specialty a secondary factor. In
FY14, LDRD funded 81 PRD projects, which represents 7%
of the program’s research funds. These postdocs are sup-
ported full-time for two years.

In addition to approximately 65 Director’s Postdocs, the
LDRD program supported 14 distinguished postdoctoral
fellows at a higher salary and for a three-year term. Dis-
tinguished postdoctoral fellow candidates typically show
evidence of solving a major problem or providing a new
approach or insight to a major problem and show evidence
of having a major impact in their research field. To recog-
nize their role as future science and technology leaders,
these appointments are named after some of the greatest
leaders of the Laboratory’s past.

More postdocs are hired through DR and ER projects than
directly through PRD appointments. Counting both ave-
nues, the LDRD program supported 52% of the 508 post-
docs at the Laboratory in FY14.

Impacts of a Reduced LDRD Program on the S&T Pipeline

The national laboratories have a long-stand-
ing reputation of being centers of scientific
excellence where the nation’s best and 200

Figure 1
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LDRD Helps Attract and Develop Emerging Leaders

With support from LDRD, Los Alamos R&D Engineer

Eric Flynn and colleagues developed a technique called
Acoustic Wavenumber Spectroscopy (AWS), which gener-
ates images of hidden structural properties and/or defects.
AWS generates such images by taking fast, full-field
measurements of a structure’s steady-state response to
periodic ultrasonic excitation.

AWS’s novelty is in its ability to extract local wave propaga-
tion properties by using continuous, periodic ultrasonic
excitation and continuous-scan sensing, which enables
noninvasive, high-rate and high-resolution ultrasonic
imaging. Taking measurements of a structure’s relatively
high amplitude steady-state response yields significantly
faster scans by avoiding many of the wave-reverberation
and signal-to-noise-ratio issues associated with typical
scanned ultrasonic measurements.

Eric Flynn

R&D Engineer and LDRD Early Career Researcher

Because AWS is more than 30 times faster than the leading
noncontact ultrasonic inspection technology, it has the
potential to drastically reduce the inspection time of mate-
rials, structures, and systems. Without even accounting for
the reduction in setup time, the inspection of a ten meter-
square area that would take an hour or more to complete
will now take as little as two minutes. Traditional contact
methods used to perform inspections can only scan an
area as large as the machine’s scanning mechanism. The
reason for such limitation is that the sensor head must
physically reach each inspection point.

AWS scans large areas from a fixed instrumentation point
and only requires exposure of the part to line of sight,
leading to additional savings in effort and time. The reduc-
tions in time and effort will reduce costs associated with
current inspection schedules and will decrease downtime

of user assets. Moreover, such reductions will enable new,
more frequent, and previously economically infeasible
inspection schedules and procedures, translating to sig-
nificant risk reduction as a result of defects being detected
earlier and more reliably. Such risk reduction translates
into enhanced safety and enables engineers to develop
more economical system designs.

Winner of a 2014 R&D 100 Award, AWS has three primary
applications:

e Aerospace - Specific applications include fleet main-
tenance, including performing zero-down-time quick
checks between flights and automated aircraft full-
body scans. AWS is particularly effective and eco-
nomical when it comes to detecting delamination and
disbonding in composite parts.

e Manufacturing - Because it is fast and non-contact,
AWS is ideal for noninvasive, in-line inspections of all
manufactured components— not just samples—for
efficient and effective quality control of part dimen-
sions, material properties, coatings, bonds, and welds

e Commercial Energy - AWS performs permanent moni-
toring and on-demand inspection of energy production
facilities. Specific applications include the inspection
and monitoring of pipelines, pressure vessels, and
wind turbines. AWS, with its unique flexibility and
speed, also fills the quality control needs of onsite
wind turbine blade manufacturing.

The technology will impact the missions of the Depart-
ment of Energy with measurements of the material levels,
distribution, and properties of the contents within contain-
ment vessels. AWS supplements existing radiation and
weight-measurement technologies designed to perform
unattended verification of in-process nuclear materials.
The Department of Defense will benefit as AWS can help
maintain military air, ground, and naval assets. Mainte-
nance accounts for the majority of the costs associated
with the military system lifecycle and significantly reduces
asset readiness.

The Los Alamos LDRD program invested in AWS through
PRD project led by Eric Flynn, and a recent ECR project. He
was recruited to Los Alamos through an LDRD-supported
Director’s Fellowship and is now a member of the Labora-
tory’s Engineering Institute. He has a leadership role in the
Los Alamos Dynamics Summer School and is an emerging
leader in the area of Structural Health Monitoring.
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While LDRD plays a critical

role in recruiting and retaining
new technical staff, it is not a
source of long-term funding.

At Los Alamos, about 70%

of LDRD-supported postdoc
conversions spend most of their
time on non-LDRD programs
and conftribute to a wide range
of missions. A small fraction
participate in LDRD projects
building capabilities for future

programs.

Percent of converted postdocs

Recruit, Retain, Transition:
The Path to Mission Impact

LDRD-supported Postdoc Conversions
% time currently charged to LDRD

0-10 11-20 21-30 31-40 41-50 51-60 61-70 71-80 81-90 91-100
Percent of time

LDRD-supported Postdoc Conversions
Current Contributions to Programs

Nuclear
Nonproliferation
4%

Other Indirect
9%

~ Reimbursables
16%

The Gemini subcritical experiment series

has significantly impacted the Stockpile
Stewardship mission to better understand the
physics performance of a nuclear weapon.

All of the early-career conftributors to
Gemini were recruited to Los Alamos by
the LDRD program and then transitioned to
programmatic work.
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The LDRD program is the vehicle by which the Labora-

tory harvests the ideas of some of our best and brightest
scientists and engineers to execute DOE/NNSA missions.
This bottom-up approach is balanced by a program man-
agement strategy in which Senior Laboratory leadership
sets science and technology priorities, then opens an LDRD
competition for ideas across the breadth of the Laboratory.
Panels formed from the Laboratory’s intellectual leaders
rigorously review proposals. Conflict of interest is carefully
regulated, and evaluation criteria include innovation and
creativity, potential scientific impact, viability of the re-
search approach, qualifications of the team and leadership,
and potential impact on Laboratory missions. The selection
processes are modeled on best practices established by
the National Science Foundation (NSF) and National Insti-
tutes of Health (NIH).

To guarantee fairness and transparency, and to ensure that
the strongest proposals are funded, the selection panels
include managers and technical staff drawn from the full
range of technical divisions. Serving on an LDRD selection
panel is often a starting point on the path to leadership
roles in the scientific community. Past LDRD panelists
have gone on to be Laboratory Fellows, division leaders,
program directors, association Fellows, and chief scientists,
while others have become leaders in academia.

Independent project appraisals

In FY14, the LDRD Program Office conducted an appraisal
of every ongoing project it intended to fund in the next
fiscal year. The primary objective is to assess progress and
provide peer input to help Pls maintain the highest quality
of work. The appraisals also help the LDRD Program Office
monitor and manage the program portfolio. In addition to
formal project appraisals, which are conducted annually,
the LDRD Program Director and Deputy Program Director
meet informally with Pls in their labs at least once a year
to discuss their projects. The purpose of these one-on-one
meetings is to give Pls individualized assistance and to de-
termine what the LDRD Program Office can do to positively
impact the success of the project. Every DR project has
also been assigned a Program Development Mentor to as-
sist the transition of LDRD successes to mission. Any weak-
nesses are actively addressed, and the project leader is
asked to respond to the report with a revised project plan.

Continuing DR projects are appraised every year of the life
of the project, with at least one of the reviews including
external reviewers. The internal-external review is open to
all Laboratory staff and leaders. Four project appraisers —
two internal and two external — are nominated by the PI
and approved by the LDRD Program Director. When pos-

sible, the appraisal is held as part of a broader workshop
hosted by the Laboratory.

Written appraisals, held in the LDRD archives, address:
(1) Brief summary of accomplishments; (2) Assessment
of quality of science and technology, relevance to Labo-
ratory and national missions, progress toward goals and
milestones, project leadership, and the degree to which
the project may establish or sustain a position of scientific
leadership for the Laboratory; and (3) Recommendations
by the committee for changes in the scope or approach
of the project. The criteria for the most important point —
number (2) above — are derived from criteria developed
by the National Academy of Science to assess all federally
sponsored research.

Continuing ER and ECR projects are appraised in their first
and second years. The LDRD Deputy Program Director col-
laborates with the technical divisions to conduct project
appraisals. Like DRs, the projects are appraised according
to the Federal criteria of quality, performance, leadership,
and relevance.

LDRD service provides benefit to all

The mission of the Laboratory is to solve the nation’s most
difficult national security problems. By their nature, these
problems lack a well-defined path to solution. In fact, the
path is often completely unknown. It is rare that such
creative work is done alone; the ideas and results from
many colleagues are needed, often drawn out in confer-
ences, hallway conversations, journals, and seminars. LDRD
is an internal arena in which Laboratory staff serve as peer
reviewers and play a key role of interaction in the scientific
process. Proposal selection panelists are chosen for their
subject-matter expertise, and the discussions in which
they engage are not only critical to the LDRD process, but
they also provide an opportunity for panelists to educate
themselves on the latest results and practices, and expose
themselves to opportunities for collaboration. As noted in
an evaluation of peer review conducted by the UK House
of Commons, “Peer review is regarded as an integral part
of a researcher’s professional activity; it helps them be-
come part of the research community.”
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Project Appraisals Evaluate Progress, Steer Toward Success

The Los Alamos LDRD
program assesses the
quality, performance,
leadership, and relevance
of a funded DR project
every year until it ends. A
“wrap-up" appraisal is then
conducted to determine
how the project concluded
and to explore avenues for
program development.

Analysis of FY14 DR projects in their second
year showed an average score of 4.3, which
is between excellent and outstanding. This
average reflects 12 appraisals.

OUTSTANDING (5)

Work leads its technical field;
outstanding ratio of results to
investment; potential for
revolutionary impact on Los Alamos
Missions; results of project have
spurred follow-on research.

Goob (3)

()

Identifiable impact on mission or
field; results mixed; success would
have a distinct impact on Lab
programs; identifiable early signs of
external recognition

DEFICIENT (1)

EXCELLENT (4)

Clear differentiation from previous
work; team is making very good
progress; potential for important
impact on mission and technical
field; follow-ons visible within

Laboratory.
FAIR (2)

Quality of research does not meet
national and Laboratory standards;
serious prablems with project
execution; anticipated minimal
impact on Lab mission and science;
minimal evidence of external
recognition.

Largely incremental, marginal impact
on mission or field; identifiable lack
of progress; notional connections to
Mational Security missions; minimal
evidence of external recognition.

Comments and Recommendations From a DR Appraisal

Quality: Excellent - Both the aggregate project and some

individual technical tasks have advanced beyond prior

capability and results.

Performance: Outstanding - The team has more than 23
articles published or in process; leads emerging areas in

We recommend the team develop a new research plan
for the remaining 18 months, beginning by redefin-
ing their goals and primary objectives, and including a
rigorous assessment of research schedules.

technical societies; and reaches out to influential stake-
holder groups.

Relevance: Excellent - Capability that is being developed
within this project contributed significantly to team
members co-authoring successful proposals to the recent
DOE lab call for unconventional fossil fuels.

Leadership: Excellent - Task leaders are executing their
research plans and effectively communicating results.

The team is encouraged to develop explicit communica-
tion and technology transfer plans. They could take their
interactions with industry and with researchers from
good to great.

Some of the experiments and field-scale model valida-
tions would benefit from partnerships. Specifically, the
panel recommends that the team determine which
microfluidics experiments will be best done at LANL and
which should be done at a partner university.
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Mission Relevance

Mission relevance is one of the most important criteria

in the evaluation of a potential LDRD project; it is care-
fully considered in project selection and tracked annually
through the data sheet process. Many of the technologies
that put Los Alamos on the map have deep roots in LDRD
and are valuable to DOE/NNSA mission areas of nuclear
security, energy security, environmental remediation, and
scientific discovery and innovation. LDRD work also ben-
efits the national security missions of the Department of
Homeland Security, the Department of Defense, and Other
Federal Agencies. As a result, the scientific advances and
technology innovations from LDRD provide multiple ben-
efits to all Los Alamos stakeholders, consistent with Con-
gressional intent and the Laboratory’s scientific strategy.

Impacts on the Nuclear Weapons Program
Over the past decade or more, LDRD has filled the void of
steadily declining investment in long-term basic research in
the Nuclear Weapons program. Los Alamos LDRD projects
have improved high explosives, developed new manu-
facturing methods to reduce the complexity of weapons
components, and advanced the actinide science that is at
the core of the nuclear weapons complex.

Proton radiography is a powerful example of early LDRD
investment that is still paying dividends today. Using pen-
etrating high-energy protons, it lets us look inside weapons
components in the midst of an explosion. Its results are
essential to decisions with billion-dollar price tags, like the
reuse of components from one weapon system to another.
Today the U.S. Army is using proton radiography to im-
prove the armor that protects our troops.

The proton radiography facility at the Los alamos Neutron
Science Center, where a powerful proton beam can take
“movie” images of a shock wave traveling through high
explosives and other weapons materials.

FY14 LDRD Investment in DOE Missions ($K)

MMSA (Defense Programs and Nonproliferation)

Dept. of Defense

Dept, Homeland Security

Cther Federal Agencies

Energy Security

Environmental Besponsibility

S0K

¥ Project directly addresses identified mission challenge

$20,000K

$40,000K 560,000k  $80,000K $100,000K 5120,000

Project builds underlying science, technology, or engineering

The chart above shows the mission relevance of FY14 LDRD portfolio. The dollar amounts total more than 100 percent
of the total FY14 budget because many LDRD projects impact and have relevance to more than one mission area.
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Buying Down Risk for Mission

The Los Alamos LDRD program consistently opens up new mission prospects by buying down risk, and the programmatic
impacts of its success are numerous. The following are just a few examples.

Supernovae as a Laboratory for Weapons Codes

In the absence of full-scale underground tests, LDRD physicists test weapons simulation codes with supernova observa-
tions. Supernovae provide environments of extreme pressure, temperature, and density — similar to what is found in a
nuclear explosion. As a result of this innovative work, Los Alamos has improved weapons code validation and verification,
yielding improved prediction of stockpile performance. Software developed for supernovae observations is now used
extensively within the ASC program.

)

Supernovae offer a unique way Heavy element opacities tested in Improved codes are now in use to model
to test weapons-related codes models of colliding neutron stars science campaign radiation flow experiments

Detecting Nuclear Material in Cargo with Muons

Following the September 11th terrorist attack, LDRD invested in muon tomography to image nuclear threats in cargo.
In collaboration with Decision Sciences, the technology was implemented in a detection system currently in use at the
Freeport Container Port in the Bahamas.

Muon radiography enables precise A change in a muon’s trajectory means the Detects nuclear material, and
discrimination of materials muon has been scattered by the cargo with no radiation hazard

Laser-induced Breakdown Speciroscopy

ChemCam, an instrument onboard the NASA Mars Science Laboratory rover, analyzes rocks from a distance with a Laser-
Induced Breakdown Spectrometer (LIBS) developed with LDRD support. Thanks to LIBS, we know that rocks on Mars
were formed in the presence of water. Back on Earth, LDRD developed an application of this technology for finding and
analyzing nuclear materials.

Determines the composition/ LIBS enables the Mars rover to Backpack LIBS makes it possible
concentration of elements analyze rocks from a distance to detect, verify, and study critical
using an intense laser beam materials in the field
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Awards and Recognitions

The LDRD program supports some of the Laboratory’s most
accomplished researchers, as well as many of its most
promising young scientists and engineers. In the past year,
LDRD researchers received many awards and recognitions,
including R&D 100 Awards; fellowships from professional
associations; and prestigious Laboratory honors.

Los Alamos National Laboratory Fellows

The Los Alamos National Laboratory Fellows organiza-

tion was established in 1981 and comprises technical staff
members who have been appointed by the Laboratory
director to the rank of Fellow in recognition of sustained
outstanding contributions and exceptional promise for
continued professional achievement. Fellows are limited
to 2 percent of the Laboratory’s technical staff. They advise
management on important issues, promote scientific
achievement, and organize symposia and public lectures.

All the 2014 Los Alamos Fellows contribute to LDRD:
Christopher L. Fryer, Jaqueline L. Kiplinger, Herbert O.
Funsten, John C. Gordon, and David S. Moore

“The sustained scientific excellence demonstrated by the
work of Chris, Herb, John, Jaqueline and David exempli-
fies the outstanding people and capabilities we apply to
today’s national security mission, and positions the Labo-
ratory to be prepared to meet future challenges,” said
Laboratory Director Charlie McMillan.

In 2014, the LDRD Program Office was pleased to an-
nounce that all the selected Fellows are LDRD contribu-
tors, both as leaders of projects and members of various
proposal review panels.

When asked how LDRD has helped him accomplish his
scientific goals, one of the new Fellows, Herbert Funsten,
responded, “Innovative solutions to the most challenging

national security problems of today and tomorrow require
multidisciplinary capabilities and approaches. LDRD is

the only vehicle available at Los Alamos for initiating and
sustaining cross-disciplinary, innovative, high risk research
that has direct impact on national security programs.”

American Physical Society Fellows

Nine Los Alamos National Laboratory scientists were se-
lected Fellows of the American Physical Society (APS), all of
whom are either current or past LDRD contributors.

Cristian Batista, Malcolm Boshier, Dana Dattelbaum,
Stephen Doorn, Michelle Espy, George Rodriguez, Avadh
Saxena, Sergei Tretiak, and Lin Yin, all LDRD contributors,
were named APS Fellows.

“Selection as American Physical Society fellows is de facto
proof of the vibrant engagement Los Alamos scientists are
having with the larger technical community,” said McMil-
lan. “l am proud of the contributions Los Alamos scientists
bring to these professional societies through papers, scien-
tific conference attendance, and other professional inter-
actions. Collaboration and the exchange of ideas through
affiliations within societies such as APS play an important
role in fueling the scientific innovation required to accom-
plish our national-security mission.”

The APS is a non-profit membership organization working
to advance and diffuse the knowledge of physics through
its outstanding research journals, scientific meetings, and
education, outreach, advocacy and international activities.
APS represents more 50,000 members, including physi-
cists in academia, national laboratories and industry in the
United States and throughout the world.
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Performance Metrics

The LDRD program is a key resource for addressing the
long-term science and technology goals of the Laboratory,
as well as for enhancing the scientific capabilities of Labo-
ratory staff. Through careful investment of LDRD funds,
the Laboratory builds its reputation, recruits and retains
excellent scientists and engineers, and prepares to meet
evolving national needs. The impacts of the LDRD program
are particularly evident in the number of publications and
citations resulting from LDRD-funded research, the number
of postdoctoral candidates supported by the program, and
the number of awards LDRD researchers received.

Publications

The numerous publications made possible with LDRD fund-
ing help the Laboratory maintain a strong presence and
scientific reputation in the broader scientific community.
In FY14, LDRD researchers generated 475 peer-reviewed
publications, accounting for 21% of the Laboratory’s total.
The quality of these publications is evidenced by the num-
ber of times they were cited. LDRD publications published
in FY14 were cited 833 times, accounting for 23% of the
Laboratory’s citations, as well as one of the Laboratory’s
top 10 cited publications. With increased efforts to collect
post-project performance metrics, LDRD publication and
citation counts increase year-to-year.

Peer-Reviewed Publications*

FY11 FY12 FY13 FY14
LANL Pubs 2079 2119 2082 2215
LDRD Supported 452 458 534 475
% due to LDRD 22% 22% 24% 21%

FY11 FY12 FY13 FY14
LANL Citations 24880 | 24230 | 12695 | 3677
LDRD Supported 6868 5826 | 4430 833
% due to LDRD 28% 24% 35% 23%
Top 10 Most Highly Cited Publications
LDRD Supported 4 3 5 1

*Publication and citation counts are updated annually.

Patents and Disclosures

Another indication of the cutting-edge nature of the
research funded by LDRD is the contribution the program
makes to the intellectual property of the Laboratory. In
FY14, LDRD-supported research resulted in 14 patents,
27% of the Laboratory’s total, and 12 disclosures, 17% of
the Laboratory’s total.

Patents Granted

FY11 FY12 FY13 | FY14
LANL Patents 59 72 77 51
LDRD Supported 15 11 32 14
% due to LDRD 25% 15% 42% 27%

FY11 FY12 FY13 FY14
LANL Disclosures 116 129 103 71
LDRD Supported 16 28 34 12
% due to LDRD 21% 22% 33% 17%

Postdoctoral Support

LDRD remains an important vehicle for recruiting the
brightest researchers to the Laboratory, where they
become innovators and scientific leaders. In FY14, LDRD
supported 266 postdocs, accounting for 52% of the Labora-
tory’s total.

FY11 FY12 FY13 FY14
LANL Postdocs 580 581 596 508
LDRD Supported 330 349 367 266
% due to LDRD 57% 60% 61% | 52%

Postdoc Conversions

FY11 FY12 FY13 | FY14
LANL Conversions 44 41 57 50
LDRD Supported 17 21 34 26
% due to LDRD 39% 51% 59% 52%
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Using Microreactors for Efficient Plutonium Separations (U)

Stephen L. Yarbro
20130003DR

Introduction

Chemical separations, especially difficult separations
depend on many factors. Fundamentally, reactions and
rates are controlled by mass and heat transfer char-
acteristics of the equipment. In equipment where the
length scales are very large with respect to the boundary
layers and therefore turbulent eddies are formed, mass
and heat transfer are controlled by the contact area
and ‘mixing’ energy per volume. In equipment such as
microreactors, where the length scales are small with
respect to the boundary layer and the flow is predomi-
nantly laminar, heat and mass transfer are controlled

by different mechanisms. In this work, we propose to
conduct studies with a difficult separation problem with
importance to LANL missions and examine the funda-
mental roles of how heat and mass transfer effect the
separation efficiency at these small scales.

Benefit to National Security Missions

The U.S. has an ongoing need for efficient actinide sepa-
ration methods. Specifically, the will develop our ability
to deploy advanced separation methods for weapons
materials purification, advanced nuclear systems,
nuclear forensics, and environmental management. It
will also expand our capabilities in detection, measure-
ment, and analysis of nuclear and radiological materials.
In addition, it will provide an ability to conduct small-
scale research and development with scarce and unique
materials.

Progress
In summary, project accomplishments over the last 12
months:

Develop and model unit-cell design concepts

1. Successfully completed continuum-based fluid
dynamics calculations on the Burns-Ramshaw mass
transfer experiment and correctly modeled drop
formation, flow regime and mass transfer rates

2. Completed Lattice-Boltzmann model of two-phase
system with diffusion

3. Successfully completed testing of alternative design
concept based on electro-dialysis approach

Fabricate and test integrated contacting device (unit-cell)

1. Successfully fabricated and testing co-current drop
formation, flow and separation in single unit-cell
with >99.9% phase separation

2. Successfully fabricated serpentine contact cell with
an integrated hydrophobic/hydrophilic membrane
and intitiated testing

3. Completed upgrade of laser fabrication system to
allow more precise control which enables fabrication
of more complex flow geometries

4. Improved microscopy method for characterizing
fluid flow in microreactors

Chemistry

1. Completed first set of equilibrium data measure-
ments with a liquid anion exchanger and plutonium
in microchannel system

2. Completed reaction rate measurements for incorpo-
ration into mass transfer models

3. Completed first measurements of temperature
dependence of equilibrium data in liquid anion
exchanger

Future Work

In FY15, the project will continue to further develop
design concepts and verify them with multiscale model-
ing including continuum and Lattice-Boltzmann. Fabrica-
tion and testing of the equipment operating conditions
will occur in parallel with refinement of the various
chemical systems chosen for study. These devices will be
tested with actual plutonium solutions and parameters
developed for simple mixing, separation and reduction-
oxidation methods. In addition, the project will continue
testing design and development of on-line process diag-
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nostics and testing of the radiolytic effects of radioactive
materials on the chemical systems. This work will result

in developing the design and initiating the fabrication of a
more complex system based on the selected chemical sys-
tem and scale-up of the preliminary contacting equipment.

The goals are the following:

e Develop, fabricate and model countercurrent/cross-
flow contacting module

¢ Refine conditions for the selected extraction system

e Link simple contact systems to test separation modules

e Design and initiate fabrication of intermediate system

e Test separation module to measure mass transfer and
separation factors

Conclusion

The United States has an ongoing need for efficient ac-
tinide separation techniques. Our technical goal is to engi-
neer a system based on a new understanding of the mass
and heat transfer effects at small length and time scales to
build a robust capability to carry out difficult separations.
This will result in a processing capability that can meet
new programmatic needs in a variety of national security,
research, space and non-proliferation programs.

Publications

Chamberlin, R. M., D. L. Decker, D. R. Porterfield, P.
Martinez, and S. L. Yarbro. Kinetic factors in liquid-
liquid extraction of Pu(lV) from hydrochloric acid
solution. 2014. Manuscript in preparation.

Chamberlin, R. M., K. Spencer, and S. L. Yarbro. New
solvent systems for a plutonium separation. 2014.
Manuscript in preparation.

Chamberlin, R. M., S. L. Yarbro, A. P. Borrego, D. L. Decker,
C. C. Finstad, J. Gao, P. Martinez, Q. McCulloch, D.
R. Porterfield, J. Rowley, K. R. Weisbrod, and N. Xu.
Microfluidic and micro-engineered separations for
actinide processing and analysis. Presented at 38th
Actinide Separations Conference. (Albuquerque NM,
20-22 May, 2014).

Dervishi, E.. Graphene as a potential membrane material.
2014. Los Alamos National Laboratory unclassified
release.

McCulloch, Q.. Fabrication and testing of countercurrent
and quasi-countercurrent microfluidic systems. 2014.
Los Alamos National Laboratory unclassified release.

Roberts, R. M.. FY 14 Report: Lattice Boltzmann modeling
of microreactor systems. 2014. Los Alamos National
Laboratory unclassified release.

Weisbrod, K., R. M. Roberts, R. M. Chamberlin, and S. L.

Yarbro. Simulation of mass transfer in a microfluidic
experiment using the moving mesh method. 2014.
COMSOL User’s Conference, September 9, 2014.

Xu, N., A. Castro, J. Gao, B. Manard, L. Meyers, R. M.
Chamberlin, and L. Tandon. Chemical separation
and measurement tool box for bulk SNM analysis.
Presented at DHS-DNDO-NTNFC Annual Review .
(Chicago IL, 4-7 August 2014).
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Maximizing Flux Through Engineered Metabolic Pathways

Clifford J. Unkefer
20130091DR

Introduction

The long-term goal of synthetic biology is to engineer
microorganisms to produce high-value products for
biotechnological applications like biofuels production,
environmental remediation and biosynthesis of phar-
maceuticals. To achieve this goal, it will be necessary to
engineer functional multi step metabolic pathways in
organisms, which will require a new approach to regu-
late the expression of each of the enzymes in a meta-
bolic pathway in order to optimize the flux through the
pathway. We seek to develop a new paradigm in meta-
bolic pathway engineering by creating a simple approach
to optimize the expression of individual enzymes in a
pathway, in order to maximize flux through the pathway.
Because previous attempts to improve metabolic flux by
over-expressing individual enzymes have achieved only
limited success, we will simultaneously optimize the ex-
pression of each of the enzymes in the pathway. This will
be done using the novel strategy of directed evolution of
riboregulators using in vivo selection. Riboregulators are
recently discovered class of RNA molecules that can be
used to control the translation of a gene. It is possible to
design an ensemble of riboregulators so one can indi-
vidually control the translation of each of the genes that
encode for a metabolic pathway. Riboregulators make
pathway optimization possible because: 1) they allow
the expression of a particular gene to be tuned over a
wide dynamic range; 2) a set of riboregulators can be
readily designed to independently regulate the expres-
sion of multiple genes; and 3) they are very tractable for
directed evolution, because they can be finely tuned by
varying only a few nucleotides. Our riboregulators ap-
proach to synthetic biology will have wide applicability.
We will demonstrate this novel approach by engineering
a more carbon- and energy-efficient pathway for lipid
biosynthesis in a photosynthetic organism, an essential
goal of biofuel research.

Benefit to National Security Missions
Synthetic biology is on the verge of producing practical
solutions in a wide variety of application areas (energy,
sensing, medicine, materials). This DR will allow LANL

to become a major contributor to this rapidly growing
field. We will apply our new synthetic biology tool set to
solve a key limitation in biofuel production. This project
will help sustain LANL leadership in algal bioenergy and
contribute directly to LANLs mission in Energy Security.
At the same time there are many potential application
of synthetic biology in health security. The riboregula-
tors and synthetic biology tools developed here will
provide underlying science and technology necessary to
apply synthetic biology in LANL health security missions
including developing countermeasures for emerging
pathogens and biological weapons. This project will posi-
tion LANL to compete as a strong science and technology
player for new synthetic biology calls from DOE/EERE
and DOE/BER in biofuels research, as well as DARPA and
NIH funding for health security.

Progress

Riboregulators - To optimize the expression of enzymes
in a metabolic pathway, we are developing two-compo-
nent riboregulators that control the rate of translation
and will be used to independently control the concen-
tration of each enzyme in our engineered metabolic
pathway. Our cis-repressor is designed to form a helix in
the untranslated region of the messenger RNA, which
occludes the ribosome-binding site, blocking translation.
Thus, messenger RNAs for our target genes have the
default state of gene expression turned off. Regulation
of expression involves a second trans-activating RNA
designed to hybridize with the messenger RNA in a way
that frees the ribosome-binding site, allowing ribosome
binding and protein synthesis. To test these concepts we
prepared three constructs, each in a single copy plasmid
using the Gibson assembly method, which allows for
the efficient, simultaneous insertion of multiple DNA
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fragments into a vector. In all three cases, transcription of
the chloramphenicol acetyltransferase (CAT) gene, which
imparts resistance to the antibiotic chloramphenicol, is
controlled by the T7A1 promoter and T7 terminator. The
first construct contained no riboregulator defining the
maximum expression of our reporter gene under transcrip-
tional control (defining the maximum on state), the second
construct contained only the cis-repressor on the 5’ end

of the CAT reporter gene defining the level of expression
when translational is off (“all off”) and the third construct
added the gene encoding the trans-activator with per-

fect complementarity to the cis-repressor defining the
maximum on state with translational control (all on). In
separate experiments E. coli was transformed with each
the plasmids and the transformants were cultured in the
presence of increasing concentration of chloramphenicol.
These simple growth experiments allowed us to rapidly
probe the structural features riboregulators as they relate
to translational control of gene expression. Initial we found
the level of thermodynamic stability of cis-repressor struc-
ture required to turn off translation and used this to design
a true all off cis-repressor. We also defined the structural
element of the trans-activator required to overcome the
cis-repressor and reactivate translation. Using antibiotic re-
sistance markers we have demonstrated the riboregulators
can be used for translational control of gene expression.
Specifically we have shown we can design riboregulators to
control gene expression over a wide dynamic range (>250
fold) from completely “off” (zero expression) to completely
“on” (transcriptional control only). We have developed
orthogonal targeting sequences so we can independently
control the expression multiple genes. Finally we have
shown we can apply directed evolution of the trans-activa-
tor element of the riboregulator and select for expression
of different levels of antibiotic resistance genes.

Pathway engineering — Our second main goal was to use
known enzymes to engineer a more carbon- and energy-
efficient pathway for lipid biosynthesis essential for biofuel
production. We have developed a plan to demonstrate
pathway optimization by directed evolution of riboregula-
tors controlling translation of a five-gene pathway in an E.
coli strain modified to require acetate for growth. In this E.
coli strain, we have deleted the genes encoding for pyru-
vate dehydrogenase/oxidase making it require acetate as
a source for acetyl-CoA. Adding back genes encoding our
five-step pathway which includes genes for the enzymes,
enolase PEP-carboxylase, malate dehydrogenase, malate
thiokinase and malyl-CoA lyase will impart the ability to
biosynthesize acetyl-CoA and will allow the strain to grow
in the absence of acetate. To evaluate our progress toward
pathway optimization, we will develop a full kinetic model
of our engineered pathway. Toward this end we have

initiated a project to express, purify and characterize the
kinetics of the enzymes in our pathway. To date we have
demonstrated the expression and enzyme activity of all
five of the enzymes. In addition we have crystalized and
solved the structure of four of the enzymes. We also hope
to transfer this five-gene pathway to a phototroph as many
of the same DNA constructs used in the E. coli experiments
can be used directly in the cyanobacteria; we are in pro-
cess of demonstrating translational control of gene expres-
sion in Synechococcus elongatus using antibiotic resistance
markers and constructing a strain with required pyruvate
dehydrogenase deletion. In preparation for engineering a
phototroph, we have established protocols for transforma-
tion and gene expression in Synechococcus elongatus.

Future Work

Using antibiotic resistance markers, we have now demon-
strated riboregulators can be used effectively for transla-
tional control of gene expression. In FY14, we will continue
to develop the riboregulator concept, by carrying out the
directed evolution/selection experiment in a chemostat
where we anticipate tighter selection of permissive se-
guences to better understand the relationship between
the level translational control and the relative stability

of RNA helices in the trans activator/cis repressor pair.

We will continue to modify the linker region of the trans-
activator linker region to better understand the mechanism
of differential riboregulation and targeting specificity. As
recommended by the review team, we will demonstrate
the effect of turning on/off a riboregulator pair at different
times in the growth cycle.

We will demonstrate pathway optimization by directed
evolution of riboregulators controlling translation of a
five-gene pathway in an E. coli strain modified to require
acetate for growth. In this strain, we have deleted the
genes encoding for pyruvate dehydrogenase/oxidase mak-
ing it require acetate as a source for acetyl-CoA. Adding
back genes encoding our four-step pathway which includes
genes encoding the enzymes, enolase, PEP-carboxylase,
malate dehydrogenase, malate thiokinase and malyl-CoA
lyase will impart the ability to biosynthesize acetyl-CoA
and will allow the strain to grow in the absence of acetate.
Each of these genes will be under translational control

of orthogonal trans-activator/cis-regulator pairs. We will
evolve the trans-activators selecting for growth using a
chemostat. We also hope to transfer this five-gene path-
way to a phototroph as many of the same DNA constructs
used in the E. coli experiments can be used directly in the
cyanobacteria; we are in process of demonstrating transla-
tional control of gene expression in Synechococcus elon-
gates using antibiotic resistance markers and constructing
a strain with the gene for pyruvate dehydrogenase deleted
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which is necessary to test our pathway.

Conclusion

We will develop a family of riboregulators that can be
used for translational regulation of the expression of each
of the enzymes in a complete metabolic pathway, and
demonstrate a strategy for the simultaneous directed evo-
lution of riboregulators to optimize the expression of the
enzymes to maximize flux through a metabolic pathway.

We will use known enzymes to engineer a more carbon-
and energy-efficient pathway for lipid biosynthesis es-
sential for biofuel production. In addition, we will use the
directed evolution of riboregulators strategy developed
above to optimize growth and lipid production in Syn-
echococcus elongates, a cyanobacterium.
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Fox, D. T.. Maximization of Isoprenoid Production and
Extraction in a Model Organism. Presented at Algae
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Presented at American Society of Microbiology.
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structure of phosphoenolpyruvate carboxylase from
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Discovery Science of Hydraulic Fracturing: Innovative Working Fluids and Their
Interactions with Rocks, Fractures, and High Value Hydro-carbons

Hari S. Viswanathan
20140002DR

Introduction

Shale gas is an unconventional fossil energy resource
that is already having a profound impact on US energy
independence and is projected to last for at least 100
years. Production of methane and other hydrocarbons
from low permeability shale involves hydrofracturing of
rock, establishing fracture connectivity, and multiphase
fluid-flow and reaction processes all of which are poorly
understood. The result is inefficient extraction with many
environmental concerns. These phenomena are part of
a broader class of problems involving coupled fluid flow
and fractures that are critical to other energy security ar-
eas such as shale oil, geothermal, carbon sequestration,
and nuclear waste disposal as well as crack propagation
in weapons applications. A science-based capability is
required to quantify the governing mesoscale fluid-solid
interactions, including microstructural control of fracture
patterns and the interaction of engineered fluids with
hydrocarbon flow. These interactions depend on coupled
thermo-hydro-mechanical-chemical (THMC) processes
over scales from microns to tens of meters. Determin-
ing the key mechanisms in subsurface THMC systems
has been impeded due to the lack of sophisticated
experimental methods to measure fracture aperture

and connectivity, multiphase permeability, and chemical
exchange capacities at the high temperature, pressure,
and stresses present in the subsurface. Our goal is to use
unique LANL microfluidic and triaxial core flood experi-
ments integrated with state-of-the-art numerical simula-
tion to reveal the fundamental dynamics of fracture-fluid
interactions to transform fracking from ad hoc to safe
and predictable approaches that are based on solid sci-
entific understanding. We will develop CO, based fractur-
ing fluids and fracturing techniques to enhance produc-
tion, greatly reduce waste water, while simultaneously
sequestering CO,.

Benefit to National Security Missions
Significant R&D is required to increase shale gas produc-

tion while reducing environmental impacts associated
with aqueous hydraulic fracturing. The proposed work
could shift the momentum toward greater large scale
industry interest in “greener” fracturing fluids leading to
greater public acceptance of fracking. Discoveries in fluid
properties, rock properties, and their integrated interac-
tions will be required. The proposed study brings togeth-
er leading scientists from C, EES, MPA and T divisions to
develop and apply new experimental methods in observ-
ing rock fracturing to efficiently extract hydrocarbons

in combination with novel, benchmarked models that
will enhance US national and energy security. Success in
the proposed work will position LANL at the forefront of
shale-gas technology, creating opportunities for signifi-
cant industrial partnerships, and a leadership role in DOE
programs in shale gas. This work also maintains capabil-
ity for test containment and leakage prediction in the un-
likely case of a future US nuclear test, or the more likely
case of foreign testing. If the need for resumed testing
should ever arise, the capability for understanding un-
derground transport will just as critical as it once was.

Progress

This project is in its first year. We are pursuing the fol-
lowing research questions using a combination of experi-
ments and models at the pore, core and reservoir scales.

1. How do varying stress conditions, rock properties
and working fluids govern fracture patterns and
hydrocarbon productivity?

2. How big a problem is water in hydraulic fracturing
and how much better are alternative working fluids
such as scCO,?

3. What mechanisms govern the decline in production?
Poor fracture connectivity or fracturing closing, or
slow gas release due to a) matrix diffusion, b) de-
sorption of methane absorbed to organics?, c) flow
blocking?
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All project goals are on track with the overall goal being

to use unique LANL experiments (e.g. microfluidics and
triaxial corefloods) integrated with state-of-the-art numeri-
cal simulation (at the pore, core and reservoir scale) to
reveal the fundamental dynamics of fracture-fluid interac-
tions to transform fracking from ad hoc to safe and predict-
able approaches. We have submitted and are preparing to
submit a publications in these areas (shown below). A few
examples are below broken down by the scale at which we
are studying these issues.

Pore Scale

Lattice Boltzmann simulations at the porescale have been
investigating mass transport in the bulk rock matrix and
the fractured rock.

Progress has been made to etch and seal microfluidic
wafers using glass and real rock samples. We will next test
these wafers with our microfluidics rig.

Core Scale

The triaxial coreflood has been used to conduct fracture
and fluid flow experiments in shale and cement samples.
Experimentalists and modelers have been working togeth-
er to predict fracture propagation due to fluids and varying
stress conditions.

Reservoir Scale

We have implemented discrete fracture networks into our
reservoir scale model to simulate hydrocarbon production.
We have shown that the initial stages of production are
controlled by drainage of large fractures.

We have also been performing work to determine the fate
of water at hydraulic fracturing sites. We have determined
how much water can be taken up the the fractures and the
bulk rock matrix.

Finally were are writing a perspective piece comparing CO,
and water as fracturing fluids.

Future Work

Task 1: We will continue to conduct triaxial coreflood ex-
periments to characterize fracture patterns and apertures
under different stress conditions as well as using different
working fluids (e.g. water and CO,). We plan move the
triaxial apparatus to either LANSCE or AET in order to mea-
sure fracture properties under in situ conditions. So far we
have been measuring these parameters ex situ.

Task 2: We will continue to develop models of fracture
propagation modeling work that are validated by task 1.
We want models that are accurate for fractures that propa-

gate the multiple interfaces prevalent in shale. In the next
year, we are coupling a full fluid solver into the fracture
propagation code.

Task 3: We will continue to conduct microfluidic experi-
ments of sweep efficiency. We have conducted experi-
ments with real rock etched with fracture patterns from
CINT under ambient conditions. We have also conducted
high pressure experiments with standard glass and silica
micromodels. In the next FY, we hope to perform high
pressure microfluidic experiments with real rock.

Task 4: In the next FY, we will continue to develop models
that simulate mass transfer from the damage zone around
fractures to the fractures. We will also enhance our lattice
Boltzmann models multiphase flow capabilities and bench-
mark them against task 3.

Task 5: We have developed discrete fracture network
modeling capability and incorporated it into our reservoir
simulator. In the next FY, we will be enhancing the res-
ervoir model to include desorption of hydrocarbon from
organics, fracture-matrix interaction and the effects of
multi-phase flow blocking.

Task 6: We will calibrate our reservoir simulator to produc-
tion curves from our industrial collaborator Apache.

Conclusion

Fracking phenomena involve fluid-solid interactions em-
bedded within coupled thermo-hydro-mechanical-chemi-
cal processes over scales from microns to tens of meters.
The proposed work is part of a broader class of complex
systems involving coupled fluid flow and fractures that are
critical to energy security, such as shale oil, geothermal,
carbon sequestration, and nuclear waste disposal, as well
as, crack propagation in weapons and materials applica-
tions. Predicting and controlling fracture propagation due
to fluid-solid interaction would be transformative, with
significant impact beyond the hydraulic fracturing of rock.
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Introduction

Multi-drug resistant bacteria such as Staphylococcus
aureus and Mycobacterium tuberculosis are emerging

at an alarming rate, yet new antibiotics are few and far
between. The scarcity of new antibiotics is in part due to
a lack of understanding of the mechanisms of multi-drug
resistance. Antibiotic efflux is one of the most important
mechanisms of bacterial multi-drug resistance. Antibiot-
ics are pumped out of the cell by efflux pumps contain-
ing three protein components. We propose to study the
highly active efflux pumps in Burkholderia pseudomallei,
a high-priority bio-threat agent. X-ray crystallography
and molecular dynamics simulation will be valuable for
understanding how the efflux pump protein complexes
are formed spanning the inner-membrane, periplasm,
and outer-membrane, and how the opening-closure
dynamics of the complex determines the rate of efflux
of an antibiotic. Gene and protein expression studies will
be essential to identify how the presence of an antibiotic
turns the gene circuits on or off to regulate the expres-
sion of the active efflux pumps, thereby determining the
net efflux. The same efflux pumps are also responsible
for releasing small metabolites, such as quorum-sensing
molecules, which act as global regulators of genes
belonging to pathways critical to bacterial growth, vi-
ability, and morphology. Therefore, gene expression and
pathways analyses are essential to determine how the
release of these metabolites offers additional fitness to
the bacterium in terms of enhanced growth and viability.
Integrated modeling of structural, genetic, and cellular
processes will provide valuable insight into how these
processes are coupled and how this coupling imparts
overall bacterial fitness under the selection pressure
from antibiotics.

Benefit to National Security Missions
Countermeasure development for treating pathogen in-
fection is central to our project, as efflux pumps are the
predominant form of multi-drug efflux, and understand-

ing gained in this project should lead to novel strategies
of antibiotic therapy. Because we chose to focus on a
biothreat agent (which is also of global public health
concern), Burkholderia pseudomallei, this project will be
of interest to the biodefense mission of DOE. The multi-
scale nature of this work, coupling genetic, regulatory,
and biomolecular structure / function aspects in one
study will contribute to advances in basic energy science
(biofuels) and basic biomedical research.

Progress

At the structural level, our efforts focused on under-
standing the mechanistic details of the efflux pump. The
purpose of the experimental structural biology effort

is to determine three-dimensional structures of efflux
pumps from pathogenic bacteria. In our preliminary
studies we determined the structure of the inner-
membrane protein AcrB from E. coli complexed with
the drug Linezolid and developed the capability to work
with membrane proteins. During the current year of the
project we obtained synthetic genes for 9 efflux pump
proteins from the pathogen Burkholderia pseudomal-
lei. We are now pursuing identification of conditions for
optimal production of these proteins in E. coli and have
found conditions for one of them.

To date, the high-resolution structure of an entire efflux
pump complex has remained elusive. The purpose of
theoretical structural biology effort is to fill this gap by
combining data from various experimental techniques
with the available crystal structure data to construct
atomic-level resolution models of the full efflux pump
complex and to estimate efflux rates. This year we
developed a fast and consistent method for construct-
ing all-atom tripartite efflux pump structures and used
these structures to perform coarse-grained, geometric
simulations of drug translocation. We showed that both
small and large drugs can translocate through a vestibule
accessible from the periplasm whereas only small drugs
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may enter the pump through a channel from the cytoplas-
mic leaflet of the inner membrane.

At the genetic level, our efforts focused on modeling the
dynamic response of bacteria to antibiotics via cellular
regulation, including genetic regulation. Mathematical
modeling at this level establishes the couplings needed for
integration of structural and cellular levels. We assessed
the model of efflux and bacterial survival in P. aerugi-

nosa that was developed in the preliminary studies. We
found that the essential behavior could be preserved in

a coarse-grained model that retains the most important
mechanisms of efflux, cell growth, and cell death. We used
the model to analyze preliminary experimental data on
antibiotic accumulation and cell death, and determined
that additional information is required to draw conclusions
about the regulatory mechanisms involved in efflux. We
then extended the model to include regulated production
of quorum sensing models and the subsequent switching
of some cells to a more drug-resistant state (e.g. associ-
ated with biofilms).

At the cellular level, our efforts focused on establishing
the relationship between efflux pumps and biofilm for-
mation. During the current year, we tested and validated
our hypothesis that efflux pumps are not merely protein
complexes that transport drugs out of the bacteria, they
can also facilitate the formation of bacterial biofilm, a
physiological state that provides additional resistance

to not only drugs but also to host immune defense. We
performed several studies on nascent and mature biofilms
of P. aeruginosa in the presence and absence of the drug
ciprofloxacin. We measured the depth of the biofilms for
different strains of P. aeruginosa with normal, lower, and
elevated levels of efflux pumps using spectrophotomet-
ric and imaging techniques. We observed that the efflux
pumps are expressed by P. aeruginosa at higher levels
when the biofilm is better-developed, especially in the
presence of a drug. Also the bacterial survival is positively
correlated with both elevated levels of efflux pumps and
the maturity of the biofilms. Finally, biofilms with elevated
levels of efflux pumps were shown to be better able to
counter host neutrophils (killers of bacteria).

The genomic analysis task examined in great detail how
well the properties measured in the well-studied organism,
P. aeruginosa, are expected to predict molecular mecha-
nisms in the biothreat-related pathogen of primary interest
to this project, B. pseudomallei and its near-neighbor, B.
thailandensis. Full-genome alignments of the two Burk-
holderia species were performed, and the 100 genes of
each that we determined to be of most relevance to the
cellular mechanisms of antibiotic resistance were identi-

fied and related to existing data sets and literature. Sev-
eral iterations of relating these genes to the coarse-grained
variables from the genetic model occurred.

Future Work

During the next year we plan to optimize expression of all
the efflux proteins that we have synthesized and to identify
suitable detergents for efficient solubilization of the result-
ing proteins. This will provide the starting point for crystal-
lization and structure determination of these challenging
membrane proteins. Also at the structural level, our efforts
will focus on using molecular dynamics simulations to
estimate relative rates of drug translocation through the
efflux pumps, as needed for the integrated mathematical
framework. Additionally, we will integrate the mechanis-
tic kinetic model of drug translocation into the existing
genetic and cellular regulation integration framework. At
the cellular level, we will incorporate the gene expression
profiles from the rt-qPCR on Fluidigm platform for nascent
and mature biofilms for different strains of P. aeruginosa
into the integrated mathematical framework in a quantita-
tive manner.

Conclusion

We will characterize three coupled processes: expulsion of
antibiotics from the cell by efflux pumps, stimulation of ef-
flux pump production by antibiotics, and efflux pump-me-
diated biofilm formation that shields the bacterium from
antibiotics. We will combine experimental and theoretical
approaches to develop the first predictive model of this
system. This model will integrate these molecular, genetic,
and cellular processes and will identify critical elements

of each process that can inactivate drug resistance. The
capability for integrated modeling of a complex adaptive
molecular transport system will have broad applications in
biosecurity, biofuel production, and microbial clearance of
toxic material.
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Introduction

Biology is continuously transforming from a qualita-

tive science involving observations and associations to
one where quantitative models are necessary for both
fundamental understanding and predictive capability.
These theoretical and computational models build on
methods and concepts in physics, mathematics, and
chemistry and are becoming increasingly influential

in many areas of biology. LANL has a long tradition in
theoretical biology dating back to the 1970s and more
recently CNLS has helped establish an international pres-
ence in quantitative biology through the g-bio summer
school and annual conference and through its continu-
ing emphasis on applying quantitative methodology to
challenging biological problems ranging from the struc-
ture and dynamics of individual macromolecules, e.g.,
DNA, RNA, proteins, etc., to the interacting biochemical
reactions that drive cellular function. Our research will
build bridges at the mesoscale between macromolecular
scales and complex cellular function by taking advantage
of coarse graining (averaging) over degrees of freedom
at microscales that retain the impact on large scale (cel-
lular) activity. By taking advantage of the quantitative
expertise in CNLS and at LANL, we continue to empha-
size opportunities with applications to infectious disease
mitigation and bio-surveillance, to developing effective
algal and cellulosic biofuels, and to develop fundamental
understanding of cellular function over the scales from
molecules to cells.

Benefit to National Security Missions

The fundamental discovery science associated with the
CNLS biology effort has potential applications in energy
security via algal and cellulosic biofuels modeling, in
biosecurity through understanding and modeling of in-
fectious disease epidemiology and cellular mechanisms,
and in health related areas such as the ability to design
effective vaccines using biological models of cellular
function.

Progress

This year we made initial progress in understanding how
to design a specific type of drug for HIV and studied how
cells become drug resistant by transporting antibiotics
out of the cell using efflux pumps. We also began study-
ing biochemical processes for cellulose conversion to
fuels.

Efflux pumps are transporters of toxics and antibiot-

ics out of the cell. We developed a new homology
modeling protocol, performed simulations using that
model, and wrote up the results for an article sent to
the journal PROTEINS: Structure, Function and Bioinfor-
matics. We've also started developing a more efficient
coarse-grained model of the efflux pumps that will be
parametrized using higher-resolution molecular dynam-
ics simulations.

Eliciting broadly neutralizing antibodies is one of the
most promising vaccine strategy candidates for HIV. With
collaborators we are pursuing artificial design of HIV
vaccines, which would increase the chances of eliciting
broadly neutralizing antibodies. Our approach is to first
investigate the amino acid signatures in HIV Envelope
protein sequences that are associated with higher sensi-
tivity to known broadly neutralizing antibodies. Then, by
introducing these signatures in the backbone of a natu-
ral HIV strain, we are designing artificial constructs that
are expected to have higher sensitivity to broadly neu-
tralizing antibodies. We are preparing the manuscript
“Understanding the origin of co-evolutionary relation-
ships in HIV Env -- a comparison of co-evolutionary and
structural relationships’” which describes our approach.

In biofuels we are investigating the energy conversion
processes in photosynthesis and catalysts for cellulose
conversion to sugars. We are using computer simulations
to study protein design strategies to develop novel pH-
regulated protein conformational switches. The hope
is that these switches will accelerate the dissipation of
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excess energy harvested by the photosynthetic antenna
systems so as to reduce photodamage and increase bio-
mass productivity. The primary challenge we are address-
ing is accelerating the slow (2-10 minutes) induction of
non-photochemical quenching mechanisms that dissipate
excess energy captured during high lightconditions to less
than one minute.

Future Work

Our innovative approach to improve cellulose hydrolysis
relies on using liquid ammonia to catalyze a structural
crossover between different forms of cellulose where the
resultant structure enhances enzymatic hydrolysis rates by
a factor of five. We will provide a theoretical rationale for
the ongoing work on designer cellulases, improve current
kinetic models for enzyme-cellulose interactions, and de-
velop new predictive models based on the ongoing experi-
mental studies. Our results will help improve the efficiency
of converting cellulose to biofuels.

HIV evolves rapidly and can escape antibodies produced by
the immune system. One prevention strategy is to develop
a vaccination schedule that elicits broad antibody response
that is effective against multiple HIV strains. By building

a model of within-host dynamics that captures the emer-
gence of strain-specific antibody response, we will investi-
gate whether sequential vaccination or single multi-strain
vaccination induces stronger and/or broader response. We
will also address the evolution of drug resistance in HCV.

Cellular function is built on molecular motion at the small-
est scale where full-atom molecular dynamics is an effec-
tive tool for characterizing and understanding the physics
and biology of those dynamics. Full simulation of even
molecular complexes is, however, far beyond current com-
putational capabilities. Thus, one needs a scheme for sav-
ing the important degrees of freedom while averaging over
other less important motions, a process known as coarse
graining. We will develop effective coarse graining strate-
gies for modeling macromolecular complexes in bacteria
and introduce advances from computer science to attain
more efficient simulations that will provide new insights
into mesoscale cellular function.

Conclusion

We will combine experimental probes with simulation/
modeling to characterize biomolecular environments that
will allow evaluation of potential drug design. We will
develop mesoscopic models that bridge scales in biofuel-
relevant algae systems and provide a molecular level
understanding and design principles for engineering more
effective cellulosic biomass. We will develop multiscale

models of pathogenesis in bacteria. We will use novel
mathematical methods to improve rule-based methodol-
ogy applied to bio-chemical reaction networks and em-
ploy them to understand and characterize specific cellular
mechanisms. We will construct high-level models of infec-
tious diseases including HIV and HCV based on systems-
level understanding of immune response.
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Abstract

In 1992, a very strong earthquake of Magnitude (M)

7.3 occurred in Southern California near the town of
Landers. This earthquake demonstrated a remarkable
phenomenon: as seismic waves radiated from the event,
other earthquakes were dynamically triggered, not only
nearby but as far as 1000 km away, and elevated seis-
micity, termed delayed triggering or triggering event
cascades, lasted for at least several months. Recent ob-
servations based on rapidly improving instrumentation
show that a majority of earthquakes are dynamically
triggered. That a large percentage of earthquakes are dy-
namically triggered provides a path towards a profound
advance in seismology and earthquake hazard assess-
ment. The traditional description of earthquakes relies
on the classical plate-tectonic model of passive plates
driven by mantle convection where stresses build up at
locked-plate contacts that abruptly slip, leading to an
earthquake caused by local stress conditions. The para-
digm of dynamic earthquake triggering suggests a radical
new understanding of earthquakes, implying that Earth’s
elastic system is far more complex than previously
imagined with substantial long-range interactions among
faults. In particular, dynamic stress from seismic waves
can perturb fault systems that are in a critical state and
force failure earlier in time relative to an unperturbed
fault. Earthquake physics and hazard must be rethought,
and we are doing just that. Our work indicates that gran-
ular physics of the fault core, fault “gouge”, plays a key
role in triggering. Other work by our team at the labora-
tory, simulation, and field scale strongly suggest that the
nonlinear dynamical response of the gouge material is
responsible for triggering. Because direct access to the
fault is not possible, we have characterized the granular
physics of triggering on laboratory scales using physi-

cal experiments and numerical simulations. We have
bridged to Earth scales by comparing statistics of labora-
tory/simulation data with statistics of Earth observations
that compare favorably, meaning our simulation and
experimental work appear to capture important physics

of earthquakes and slip processes in general.

Background and Research Objectives

The March 11, 2011 M9.0 Tohoku-oki Earthquake,
located ~100 km off the east cost of Honshu, was the
fourth largest earthquake in recorded history, rupturing
a 300 km segment of the plate boundary. The earth-
quake was due to ongoing subduction of oceanic crust
beneath Japan. The slip magnitude between the two
plates was 30-40 meters resulting in abrupt uplift of the
seafloor, creating a tsunami that inundated port cities in
eastern Honshu. A resultant nuclear disaster continues
to unfold at nuclear power plants located in Fukushima.
Despite the relatively sparse population in this region,
the resulting economic losses are predicted to be about
4% of Japan’s GDP. An earthquake of M8-9 in a densely
populated region such as Seattle could have catastrophic
effects on the US. Prior warning of increased earthquake
probability during a specific time interval could signifi-
cantly mitigate the potential economic disaster. It has
recently been shown that a majority of earthquakes are
dynamically triggered. Our unique perspective is that
characterizing triggering leads to fundamentally new
means of earthquake forecasting.

The Problem: Although earthquake forecasting is a
highly complex, unsolved problem, significant advances
may be possible in predicting time intervals of increased
earthquake hazard. Institutes worldwide including the
Working Group on California Earthquake Probabilities
(WGCEP) currently do not include dynamic triggering in
hazard estimates.

Our hypotheses are: a) Granular physics plays a key
role in fault triggering in the laboratory and Earth. b)
Isolating the triggering mechanism and characterizing
its signatures will improve earthquake hazard analysis
by determining the duration of enhanced earthquake
probability from triggering. c) Triggering may be part of
a more widespread crustal perturbation involving other
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physical characteristics such as induced velocity changes.

Our project goals are to: a) Characterize the granular phys-
ics that we posit enables triggering, b) apply novel statisti-
cal approaches to infer increased earthquake risk owing to
triggering and c) bridge laboratory scales to Earth scales.

Scientific Approach and Accomplishments

In order to characterize the physical conditions and time
duration of triggering, our approach consists of combined
laboratory, modeling and statistical analysis. A primary
goal involves determining the crustal scale of seismic wave
perturbation as well as the maximum time of increased
hazard due to triggering, and developing tools to infer this
information remotely in the laboratory, simulations and
Earth. A simultaneous goal addresses the question—do
large events trigger large events? Finally we must under-
stand the physics of faulting and triggering and to do this,
we have studied the fault gouge material.

State-of-the-art prediction, based on seismic hazard as-
sessment for well-characterized faults, gives a probability
that an earthquake of a given size will take place over a
certain number of years. This approach was developed by
the WGCEP to create the Uniform California Earthquake
Rupture Forecast, version 2 (UCERF2). UCERF2 forecasts
earthquake occurrence by: 1) mapping all known faults in
California, 2) estimating the long-term slip rate on each
fault using GPS measurements, 3) determining earthquake
rates that are most consistent with the long-term slip rates
on each fault, and 4) translating earthquake rates into
probabilities of a given magnitude occurring in a 30 year
time interval. This approach does not account for seismici-
ty clustering in space and time (e.g., aftershocks), so earth-
quake probabilities do not vary with time over the 30 year
interval. Currently, the WGCEP is developing UCERF3 which
will include clustering of seismicity, improving treatment
of uncertainty, and adding the possibility of operational
earthquake forecasting where probabilities are updated

as new seismic data accumulates. The methodology being
developed for UCERF3 will also be used for forecasting in
the earthquake-prone Pacific Northwest. Based on this
approach, the ability to predict earthquakes on either an
individual or a statistical basis remains remote.

Our view is fundamentally different: based on the new
paradigm of long-range interactions, dynamic triggering

of earthquakes is key to an advance in defining intervals

of increased hazard, and statistical approaches applied to
triggered events is key to providing the time intervals of in-
creased risk. We are not claiming to predict earthquakes—
we are defining a new paradigm that leads to characteriz-
ing periods of increased earthquake risk.

The most important discovery we have made is the ob-
servation of widespread crustal perturbation in Japan in
response to the 2012 Magnitude 8.6 Indian Ocean Earth-
quake located at a distance of more than 1000 km. This
event showed us that our hypothesis is correct—we ob-
serve marked changes in triggered seismicity and in crustal
velocities due to the seismic wave perturbation from this
event. Such an observation has never before been made
outside of what is know as the aftershock region that oc-
curs close to a seismic source. The effect was long lasting
with duration of several weeks at least. Currently we are
also, (i) studying in situ strain data that can be applied to
see if there is associated earth crustal displacement as we
predict; (ii) and beginning work on other potential trig-
gering earthquakes such as the Great Chile earthquake
(Maule) of 2010. We cannot know for certain whether

or not the observation in Japan is unique in some man-
ner until we have studied other regions. In any case, the
observation of widespread perturbation in Japan suggests
that such crustal perturbation may be very important

and should be accounted for in tectonic modeling of how
earthquakes are created, and moreover, should be consid-
ered in earthquake hazards analysis.

We have made great strides regarding the question of
whether or not large earthquakes cluster globally, meaning
one earthquake may trigger another. This is a highly con-
troversial area of seismology and researchers have become
intransigent in their conclusions. In short, our work shows
tantalizing suggestion of clustering of large earthquakes
and we have attempted to be as balanced as we possibly
can in our findings; however, as the earthquake catalog

of large events is so limited that the statistical confidence
in this result is limited. Two papers have been published
describing our analysis and another is in review.

Our supporting laboratory and numerical modeling work

is highly advanced and as noted, exhibits similar scaling

of earthquake magnitude as observed in the earth. We
developed a new shearing experiment meant to simulate
earthquakes applying what is known as ‘photoelasticity’ is
highly advanced. Photoelasticity allows one to visually ob-
serve and interpret changes in the stresses on and off the
model fault. Model earthquake triggering studies compare
well to discrete element (DEM) numerical simulations. The
second laboratory experiment we employ located at the
Pennsylvania State University is opaque but has the advan-
tage that it is three-dimensional, in contrast to the photo-
elastic experiment. We are also comparing the results to
three-dimensional simulations using the same numerical
simulation method and a number of publications have
resulted. In short the model and experimental methods
are being used to characterize shear along faults as well as
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the effects of earthquake triggering. We statistically test
whether or not the numerical simulations and experiments
make sense in the context of real earthquakes, by looking
at certain aspects of the laboratory and numerical simula-
tion data that can be tested for scaling to the earth.

We have also characterized the processes that lead to
instability in the fault ‘core’ or fault ‘gouge’ (the ground-up
material that lies between fault blocks) induced by seismic
waves. These studies include both numerical simulation
and laboratory studies as well. From these studies we
have characterized what the causes are for hypothesized
long-lived changes in the earth that are due to seismic
waves from other earthquakes. This long-lived behavior is
responsible for the times of increased earthquake hazard.

We have and are working progressively more with external
institutions that are intrigued by our unique vision and
approach. These institutions include Pennsylvania State
University, the United States Geological Survey, ETH Zurich
(Switzerland), Bath University (UK), The ‘Ecole Normal’
and the Institute of Physics of the Globe in Paris (France),
the University of Tokyo, Sendai University (Japan) and the
University of Grenoble (France).

In summary, we have characterized the wave and material
properties leading to triggering, 2) determined the statis-
tics and duration of triggered failure versus the background
seismicity at laboratory scale and in simulations, and 3)
extended our results to Earth scale. Because large earth-
quakes pose serious risks to national energy and economic
security, our work could have enormous societal impact by
forecasting the imminence of these events.

Impact on National Missions

Large earthquakes pose serious risks to national energy
and economic security through their deleterious im-

pacts on infrastructure, a stated LANL mission area. The
proposed work has an enormous societal/infrastructure
impact by forecasting times of increased earthquake haz-
ard. Triggering may also have significant import to Ground
Based Nuclear Explosion Monitoring (GNEM)—clandestine
events could be better hidden in regions of triggered event
clustering. Our work improves understanding of seismic
events as well as the exploitation, analysis, and interpre-
tation of faint seismic signatures, and will develop new
capability in this area. The work has broad application to
vibration-induced failure in materials, aircraft, industrial
machinery, and shaking of infrastructure from strong
ground motion. The proposed work contributes to hazards
analysis at LANL (CMRR). Moreover the work improves
interdisciplinary capabilities at LANL by integrating efforts
in seismology, geophysics, granular media, and continuum
elastic-plastic deformation that are underpinning science

for a diverse set of LANL priorities including MaRIE. Our
efforts to scale from laboratory/simulation to Earth also
provide statistical tools to understand complex dynamics in
multi-scale systems.
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Abstract

The United States relies heavily on its space infrastruc-
ture for a vast number of applications, including commu-
nication, navigation, banking, national security, and re-
search. However, NASA predicts that between now and
2030 orbital collisions will become increasingly frequent
and could reach a runaway environment. This devastat-
ing scenario, also known as the Kessler Syndrome, has
the potential to eventually destroy our assets in near-
Earth space and result in a debris cloud that could make
space itself inaccessible. Preventing the Kessler Syn-
drome requires, in addition to an object removal tech-
nique, a groundbreaking new orbital dynamics frame-
work that combines a comprehensive physics-based
model of atmospheric drag with an accurate uncertainty
guantification of orbital predictions. The IMPACT project
(Integrated Modeling of Perturbations in Atmospheres
for Conjunction Tracking) developed such an integrated
system of atmospheric drag modeling, orbit propaga-
tion, and conjunction analysis with detailed uncertainty
guantification to address the space debris and collision
avoidance problem.

Background and Research Objectives
Currently used orbital propagators, or forecast models,
are based on general perturbation theory and include
periodic and secular variations due to Earth’s oblateness,
gravitational resonance effects, solar radiation pressure,
ocean tides, and atmospheric drag. The atmospheric
drag is based on empirical neutral density models with
simple parametric dependence on solar irradiance and
geomagnetic indices. These empirical models are finely
tuned but are evidently insufficient in describing the full
density and drag variations along an orbit, resulting in
large uncertainties of orbital parameters. Aerodynamic
lift and torque are usually neglected as well.

Current orbital propagation methods using these em-
pirical models give rise to position uncertainties in the
range of hundreds of meters to kilometers. In particular

for LEO (Low Earth Orbit) objects, satellite drag due to
atmospheric friction is the major non-conservative force
that can lead to significant errors. The neutral air density
from 200 — 1000 km altitude can change by 80% during
day and night and changes up to three orders of magni-
tude during high solar activity and during geomagnetic
storms. Other significant periodic variations are correlat-
ed to the time of the year and the 27-day rotation of the
sun and the 11-year solar sunspot cycle. In particular,
strong geomagnetic storms lead to extreme, but short-
lived density increases by 2-3 orders of magnitudes in
just a few hours.

Space weather effects on the upper atmosphere are
some of the largest contributors to density variations
affecting orbital pathways. However, the basic approach
to modeling these properties has changed little since the
development of the first models by Jacchia in the 1960s

Heating in the thermosphere (100 — 800 km altitude)
occurs in response to several mechanisms: (1) solar
radiation absorption in EUV bands, (2) Joule heating at
high latitudes, (3) auroral particle precipitation at high
latitudes, (4) ocean tides, planetary, and gravity waves
forcing from the lower atmosphere. Joule heating and
auroral particle precipitation increases especially during
geomagnetic disturbances in the inner magnetosphere.
The inner magnetosphere, with altitudes from 12,000

— 42,000 km (2 — 6.6 Earth radii), is the major domain
for radiation belts, rings currents, geomagnetic storms
and substorms and are being intensively studied by the
DREAM (Dynamic Radiation Environment Assimilation
Model) project — a previously funded and highly suc-
cessful LDRD-DR. In reality, these processes are coupled
to the upper atmosphere and we did, for the first time,
develop a framework for quantitatively describing and
incorporating these effects into a new atmospheric
dynamics and drag model, thus closing the gap between
upper atmosphere and the inner magnetosphere.
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In addition to deficiencies in the orbital propagator, the
associated uncertainties of space objects are inaccurately
described with the first (mean) and second (covariance)
moment only. However, forecasting the position and veloc-
ity of an object at a future time should be associated with
a probability density function (PDF). Currently the standard
methods for propagation the PDF are typically an extended
Kalman filter (eKF) or unscented Kalman filter (ukF), which
make use of only the first two moments, thereby limiting
their ability to accurately describe the actual PDF. In addi-
tion, collision probabilities are only based on uncertainties
modeled by the first two moments as well. The collision
probability changes significantly by properly modeling the
non-Gaussian PDF.

Scientific Approach and Accomplishments
Ground-based Observations

Satellite observations are important to both validate IM-
PACT predictions and provide regular inputs to IMPACT-de-
veloped techniques like Satellite Orbit Tomography (SOT)
and Light Curve Inversion (see below).

LANL is using a Raven-class telescope (0.35 m aperture C14
on a Paramount ME mount) to track satellites. This obser-
vational facility is located at 2650 m altitude under dark
skies about an hour from Los Alamos, NM. The upgrade of
the facility under IMPACT to allow remote operations now
allows systematic observations and rapid response to un-
anticipated events with much reduced time and effort. We
typically take several nights of observation around each
New Moon, weather and wildfire permitting. This provides
repeated and regular observation of target satellites with
good metric accuracy for orbit determination and light
curves for object characterization. The objects we have
been observing for IMPACT are primarily:

e Satellites with accurately known orbits, which we use
to characterize the accuracy of our metric determina-
tions. These satellites include the GPS and WAAS con-
stellations, geodesy satellites, and satellites carrying
on-board GPS receivers. These data confirmed that we
are typically achieving a few arcsec metric accuracy.

¢ Cubesats, many of which are similar in terms of mass,
volume, shape, and surface materials and hence are
good test particles for looking at atmosphere-induced
variation in drag. We also observe other LEO satel-
lites that have size/shape/mass information available.
Metric observations are used to compare to predicted
values to validate atmospheric models.

¢ Objects in highly eccentric orbits that dip into the
atmosphere at perigee. The atmosphere at the
geographic location and altitude of the perigee pass

dominates the drag perturbation over an orbit for one
of these objects. Rocket bodies in GTO are numerous
and particularly useful, since they tend have known
physical characteristics. We produce light-curves from
our observations as inputs to IMPACT-developed light
curve inversion techniques. The derived shapes and
spin-states of the objects in turn affect the average
frontal area around the time of perigee.

We have also observed debris from satellite collisions and
the Breeze-M explosion. In observed breakup debris, we
are finding rotation periods up to 7 rev/s (420 rpm), a chal-
lenge for many observing systems.

A major emphasis for IMPACT was analysis of the June 22,
2013 close approach of LANL's FORTE satellite with a non-
functioning Russian Meteor satellite. This was an extraor-
dinarily close approach — the final best estimate from the
USAF Joint Space Operations Center (JSpOC) was 4.5m!
We took observations both immediately before and soon
after closest approach. Difficulties with clouds caused
problems with analysis, but the observations placed upper
bound on any possible delta V. Comparison of rotation pe-
riods confirmed that a collision had not taken place (even
an extremely glancing collision with the very long FORTE
antenna, for example).

Overall observations under IMPACT include over 300 differ-
ent resident space objects (RSOs), including 26 GPS satel-
lites and 76 rocket bodies.

By the end of the IMPACT project, the analysis pipeline
had been working well for slower-moving objects in higher
orbits, but the improvements necessary to deal with the
more challenging fast-moving objects in LEO that are sub-
ject to significant drag were just beginning to be available.
The observational program was just reaching the point of
being able to generate large quantities of data suitable as
inputs to the orbit assimilation block of the IMPACT frame-
work (using the SOT technique) and to light curve inversion
for satellite shape and spin state.

Uncertainty Quantification

Our goal is to compute collision probabilities that account
for uncertainty at each stage of our modeling procedure.
To be accurate, a collision probability must necessarily
incorporate uncertainty from observations, density model-
ing and forecasting, drag estimation, and other sources.

In order to combine uncertainty across these sources, we
favor Monte Carlo-based methods.

The recent FORTE/Meteor close approach provided an
opportunity to test a basic Monte Carlo strategy. First,
we sampled ten GITM densities from the distribution of
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possible densities. Next, we sampled 100 satellite state
vectors from the distribution induced by observations of
the two satellites made before the close approach. These
state vector samples were randomly paired with a sampled
GITM density and the pair was propagated to close ap-
proach. At the time of close approach, we approximated
the distribution of the positions with a simple Gaussian
and used this to calculate the probability of collision. This
method required relatively few simulations and incorporat-
ed two important sources of uncertainty. More uncertainty
sources could be incorporated very easily (we calculated

a best fit drag coefficient, but weren’t able to compute
uncertainty at the time), although this would likely require
a larger set of simulations. Figure 1 (left) shows a fit based
on a similar simulated close approach.

We have also developed an importance sampling method-
ology for computing collision probabilities with reduced
simulation costs. Importance sampling is a Monte Carlo
method that draws a biased sample that is weighted to
produce the correct expectations. Particularly in the case
of small probabilities, this technique can be used to reduce
the variance of an estimate, and therefore the number of
samples required. We developed a two-stage procedure.
In the first stage a raw Monte Carlo sample is drawn from
all of the uncertainty sources. The results of this stage are
analyzed to find regions of the original distribution that
produce close approaches and the second stage samples
directly from these regions. Figure 1 (right) shows the re-
sults of the methodology applied to the simulations shown
in figures on the left and middle. The second stage used
100 simulations to accurately estimate the collision prob-
ability when compared with a brute force simulation.

Physics-based Density Forecast Modeling

A key element in improving satellite orbital predictions is
the correct specification of the ionosphere-thermosphere
environment, given that atmospheric density exerts sig-
nificant drag over satellites. There are a number of models
that can estimate the composition and density of the ion-
osphere-thermosphere, from empirical models to physics
based models. Empirical models, such as the Mass Spec-
trometer and Incoherent Scatter (MSIS) model, can provide
an accurate estimation of current or past ionosphere-
thermosphere density, based on a number of observations.
Unfortunately, these types of models do not have predic-
tive capabilities, that is, they provide a good nowcast but
are often not suitable for a forecast. The IMPACT project
uses a physics-based model, which has the potential to
estimate a forecast of the ionosphere-thermosphere since
they include the relevant physical behavior of the system.
In particular, the project uses the Global lonosphere-Ther-
mosphere Model (GITM), developed by Aaron Ridley at

the University of Michigan, and openly available at: http://
herot.engin.umich.edu/~ridley/data/GITM/ Nevertheless,

the IMPACT framework is able to switch between different
models for comparative studies.

GITM is a physics-based three-dimensional model that
solves the full Navier-Stokes equations for density, veloc-
ity, and temperature for a number of neutral and charged
components. To account for solar activity, GITM uses at
the moment the F10.7 solar flux, which solar radio flux at
10.7 cm wavelength measuring the noise level generated
by the Sun at the Earth’s orbit, hemispheric power index
(HPI), which is derived from the 3-hour Kp, interplanetary
magnetic field (IMF) data and solar wind velocity. GITM
inherently allows for non-hydrostatic solutions to develop
which allows for realistic dynamics in the auroral zones. As
with many of the physics-based models, GITM includes a
number of assumptions and physical representation of the
ionosphere-thermosphere that might not be accurate and
introduce errors into the estimation of the density. This
severely affects the quality of a density forecast. The main
parameter of interest is F10.7, used as a proxy in GITM for
solar activity. Through experiments it was discovered that
the F10.7 exerts a global influence upon the total density,
which lead to the discovery that there is a direct linear cor-
relation between the total density and F10.7 flux.

In order to improve the predictability of GITM, and provide
a good forecast of the ionosphere-thermosphere, we im-
plement a data assimilation system based on the ensemble
Kalman filter (EnKF). The EnKF uses an ensemble of model
simulations to approximate the probability distribution

of the model, as well as the covariance matrix. The main
advantages of the EnKF are the ease of implementation
and the computational efficiency for non-linear models. In
particular we use the localized ensemble transform Kalman
filter (LETKF), which is a localized version of the EnKF. The
LETKF assimilates by local volume centered at each grid-
point variable, where the area of the local volume depends
on model dynamics and assumptions of correlations be-
tween model variables. Given the local nature of the LETKF,
the algorithm is highly parallel since all grid-point variables
can be assimilated simultaneously.

For our particular problem, the GITM state variables and
F10.7 are both estimated using the EnKF. Specifically, since
F10.7 is a measured quantity, the EnKF assimilation will
estimate a correction to the parameter. The correction of
F10.7 is to estimate the appropriate coupling between the
observed F10.7 and the model, that reduces the forecast
error. For a given observed F10.7 index (PoF10.7), the
model F10.7 parameter (PmF10.7) is given by

PmF10.7 = PoF10.7 + 6PF10.7
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Where the 6PF10.7 is the “correction” to the F10.7 model
input parameter.

The assimilation experiments use derived total neutral
density of GPS measurements from Challenging Minisatel-
lite Payload (CHAMP). The CHAMP satellite contain very ac-
curate accelerometers and GPS instruments, which can be
used to infer drag and therefore provide an estimate of the
total neutral density along the satellite track. Given that
we found a direct linear correlation between the F10.7
parameter and total density, it is possible to estimate the
“correction” of the F10.7 parameter for the GITM model
through the assimilation of CHAMP total density observa-
tions.

Figures 2 and 3 shows the daily averaged measured F10.7
value (red line), the ensemble average of the estimated
F10.7 (blue line) using data assimilation with CHAMP data,
as well as the ensemble standard deviation of F10.7. All in-
dex values are valid for October 21-31 2002. The estimated
F10.7 value (blue line) is oscillating in accordance with the
day-night position of the CHAMP satellite, indicating that
the assimilation is correcting an overestimation/underes-
timation, suffered by the GITM model, through the F10.7
index. The left plot shows the ensemble average neutral
density estimation for October 21 2002 at 0800 hours UTC.

The assimilation results indicate that using data assimila-
tion can reduce the forecast error of the model. Further-
more, the model bias can be corrected through the calibra-
tion of key model parameters through data assimilation.
We are currently seeking further funding opportunities,
which include NASA, DOE, and LDRD, to continue the

work on enhancing the predictability of the ionosphere-
thermosphere. The future research directions include
exploring other key parameters that influence other fields
and properties of the model, such as temperature, compo-
sition, etc., for calibration in the data assimilation. Initial
condition and boundary conditions are also a concern for
the model simulation, and will be addressed in the assimi-
lation scheme as well.

Drag Coefficient Modeling

We have developed closed-form solutions for simple
convex geometries such as a sphere and flat plate for use
with the Cercignani-Lampis-Lord (CLL) Gas Surface Interac-
tion (GSI) model. Closed-form solutions were developed
by fitting analytic expressions (modified from the original
Schaaf and Chambre solutions) to Direct Simulation Monte
Carlo (DSMC) simulations using NASA’s DSMC Analysis
Code (DAC) that were sampled from the global parameter
space using Latin Hypercube sampling. These CLL closed-
form drag coefficient solutions fit the DAC drag coefficient
simulations within ~0.5% over the global parameter space

(e.g. the maximum error in the modified closed-form solu-
tions was ~0.5%).

More recently, we developed a response surface model
(RSM) technique for drag coefficient modeling. The
method was validated for a sphere and then extended to
the more realistic cases of the GRACE satellite, the CHAMP
satellite, and the International Space Station (ISS). Com-
parison of the original TPMC training simulations and the
RSM predictions show errors of ~0.25% for the sphere

and ~0.7% for GRACE, ~0.7% for CHAMP, and ~1.0% for
the ISS. We compared in Langmuir, Temkin, and Freun-
dlich adsorption models and showed that the Temkin and
Freundlich models match fitted drag coefficients better at
both low and high altitudes. Furthermore, both adsorption
models alleviate some of the physical deficiencies present
in the Langmuir model, such as constant adsorption energy
and monolayer adsorption.

The RSM models for CHAMP and GRACE have been validat-
ed by comparison of propagated positions using the RSM
drag coefficients with GPS positions. The RSM drag coef-
ficient model for GRACE was found to perform the best
when compared with other literature models. Further-
more, the drag coefficient has been applied in an attempt
to determine which atmospheric model closest represents
reality by comparing GRACE and CHAMP propagated posi-
tions with GPS positions. The results for GRACE propagated
through several different atmospheric models are shown in
Figure 4.

The results show that data assimilation with GITM most
closely represents the true state of the atmosphere dur-
ing this time period (assuming the accuracy of the RSM).
The High Accuracy Satellite Drag Model (HASDM) has the
second smallest amount of error after 96 hours, followed
by GITM without any data assimilation, and finally the
Mass Spectrometer Incoherent Scatter (MSIS) model. The
results of Figure 4 show that physics-based modeling of
the atmosphere, in conjunction with accurate satellite drag
coefficients, best reproduces the true trajectory of a satel-
lite (GRACE for this case).

Finally, extensive sensitivity analyses have been performed
to determine the most important drag physics that affect
the uncertainties in satellite trajectories. Satellites were
propagated at starting altitudes of 300 km and 600 km and
the differences between specific drag physics cases were
compared by computing the absolute magnitude of the
position difference after 24 hours (see Figure 5).

Figure 5 shows that the largest source of uncertainty at
300 km altitude is due to zero shape knowledge (e.g. an ar-
bitrarily shaped piece of space debris). This a realistic case
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for LEO space debris where there is often no knowledge of
the debris shape. The second largest differences at 300 km
altitude come from the difference between zero accommo-
dation coefficient and the appropriate adsorption model
using a Temkin adsorption model. Although the errors

are large, accommodation coefficients are known to be
close to unity at low altitudes, and therefore, the 20.5 km
difference in position is unlikely. Instead, the 510 meters
between unity and the adsorption model is a more realis-
tic situation. Finally, geomagnetic conditions are the third
largest source of uncertainty. Only recently have satellites
observing the Sun been able to give a small amount of
warning of oncoming geomagnetic storms. The large errors
due to the lack of shape knowledge of space debris can

be combated by using light curve estimation for the shape
and orientation of LEO space debris.

Accurate tracking of Resident Space Objects (RSOs) re-
quires improved knowledge of the non-conservative forces
acting on the RSOs. These forces are strongly dependent
on the shape, surface properties, and rotational states of
the RSOs, which are not known in general. However, light
curve or non-resolved imaging data is sensitive to these
properties and is readily available with optical measure-
ments. Therefore, near a real-time framework SSA frame
should use light curve measurements to both improve
non-conservative forces model and to also provide fea-
tures. These features can be used in high-level reasoning
approaches to perform feature-aided tracking, classifica-
tion, anomaly detection, and determination of intent. As
part of IMPACT we have developed light curve inversion
techniques that estimate characteristics such as shape, at-
titude and spin state, surface properties, and mass. In par-
ticular, along with improve atmospheric models we have
used light curve measurements to estimate Cd parameter
as a function of orientation.

Atmospheric Density Reconstruction

The ground-based tracking observations are used to
estimate the orbital state and drag ballistic coefficient of

a number of satellites. By analyzing the change in the satel-
lites’ orbits over time, one can estimate the atmospheric
neutral density, in the form of corrections to an assumed
density model. This approach is often called a Dynamic
Calibration of the Atmosphere (DCA) in the literature . This
“nowcast” density estimate can then be fed into the data
assimilation described above to provide better physics-
based density forecasts.

We have developed a new DCA method called Satellite
Orbit Tomography (SOT), which was originally inspired by
X-ray computed tomography. Compared to the methods
currently in operational use by the US Air Force (USAF), the
SOT allows an estimate of equivalent accuracy (10%) to be

made with a sparse data set of as few as 40 objects, ob-
served nightly from the same site. In contrast, the density
estimation used by USAF, relies on a subset of thousands
of objects tracked by the Space Fence from multiple sites
around the world. Here, rather than using the decay in X-
ray intensity, we use the decay in orbital specific mechani-
cal energy (). The method is outlined as follows:

¢ Identify a set of target satellites for tracking, nominally
those that are inactive (e.g. debris, rocket bodies).
Track each target over a span of time (>days) to build
up estimates of the position, velocity, and drag ballistic
coefficient (B). In the simulations considered to date,
we have used a Constrained Admissible Region Mul-
tiple Hypothesis Filter (CAR-MHF) to estimate these
states based on measured angles and angle-rates.

e Remove bias in the estimated B introduced by global
errors in the assumed density model used in the CAR-
MHEF. This is done by including at least some tracking
targets that have fairly well-modeled B, and comparing
their modeled B with that estimated by the CAR-MHF.
This approach also leverages the drag coefficient mod-
eling described above: given the published information
on a satellite’s shape and mass, we are able to suffi-
ciently model B.

e Using a given satellite’s estimated position and veloc-
ity at one time (t1), and then again at a later time
(t2), calculate the decay in € using the osculating orbit
states at those times. The time span At =t2 - t1 should
be long enough to observe the decay signal above the
measurement noise, yet short enough to recover some
time-resolved information in the density model. Our
simulations have used At of 48 hours, but a lower limit
of 24 hours is feasible given the expected accuracy of
our ground-based tracking system and the likely revisit
rate (~1 to 2 passes per night) for our mostly LEO
targets.

e Using the measured decay in £ from the set of targets,
solve for a spatially-resolved scalar correction (s) to the
assumed density model. The correction factor s is de-
fined in a grid; we have used grids spanning 300 to 500
km altitude, with 100 km altitude spacing and 20 deg
spacing in latitude and longitude. In general, the prob-
lem is underdetermined (there are more grid elements
than target satellites) and ill-posed (most satellites
do not pass through each grid element). Thus, we use
Tikhonov regularization to stabilize the solution, with a
spatial smoothness constraint on the solved-for s field.

Our most recent simulations use actual resident space
objects from the publically available catalog, and assume a
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single ground site at Fenton Hill, NM. Using only 40 targets
and having suitable visibilities from this single ground site,
we are able to reconstruct the time-averaged, yet spatially
resolved, density field over 48 hours to within approxi-
mately 10%. These results also assume reasonable orbit es-
timation errors, and that each satellite’s assumed ballistic
coefficient B will have zero-mean error with 1-o standard
deviation of 10%. The satellite orbit tomography approach
has some practical advantages over typical weighted least-
squares approaches, such as allowing easy density model
specification i.e. not requiring Jacobian matrices that
describe the sensitivity of the density model dynamics to
the states.

Impact on National Missions

Space Situational Awareness (SSA) is one of the core mis-
sions of Los Alamos as outlined in the Strategic Investment
Plan. SSA is essential to ensuring stability in space and
sustainability of our space activities and we will directly
address this particular need with rigorous science and
innovative technology. Our results have evolved SSA from
today’s forensic operational mode to a predictive mode
and transform it so that we receive advanced warnings of
possible collisions instead of being forced to investigate the
cause in the aftermath (see Iridium-Cosmos collision). Spe-
cifically, our project advanced the ability to monitor and
track space objects by creating a new atmospheric drag
model. The framework developed by this projects, allows
to provide accurate collision probabilities for avoidance
maneuvers and gives the ability to track space objects dur-
ing geomagnetic storms as well as better satellite lifetime
and reentry estimates. Our project has lead to a highly vis-
ible joint endeavor across several divisions and broadened
our SSA portfolio. It has lead to new collaborations and
built a new space flight dynamics research community at
Los Alamos National Lab that is at the forefront of the field.

P,

Figure 1. (left) Gaussian approximations to Monte Carlo
samples for a simulated example. (middle) Mixture of Gaussian
approximation to Monte Carlo sample from a simulated ex-
ample. (right) The yellow and green points show 100 importance
sampled points using the two-stage procedure. This small sample
produced a very accurate estimate of the probability when com-
pared to a brute force simulation of 9,000,000 pairs.
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Figure 2. Example of data assimilation: (left) CHAMP observa-
tions over a 30 minute assimilation window; (right) assimilated
state after combining CHAMP observations with GITM forecast.
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Figure 3.  Left plot: daily averaged measured F10.7 (red line),
ensemble average F10.7 from the assimilation of CHAMP neutral
density observations (blue line) and ensemble standard devia-
tion for F10.7 (blue dashed line). The oscillations in the estimated
F10.7 seem to follow the day-night change seen by the CHAMP
satellite. Right plot: ensemble average density field for October
212002 at 0800 hours UTC.
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Figure 4. GRACE’s orbit propagated through four different at-
mospheric models (MSIS, HASDM, Control GITM, and Assimilated
GITMO compared with GPS data to compute position error over
96 hours. The propagation is performed starting 00:00:00 UTC on
Aug. 28, 2009.
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Source of Potential Error Comparison Error at 300|k Error at 600|
[km m

Atmospheric Model MSIS vs. GITM 4.3 km 40m

Solar Conditions 10 sfu difference 3.2 km 97 m
Geomagnetic Conditions Nominal vs. Stormy 16.4 km 235 m

Zero Shape Knowledge Sphere vs GRACE 23.6 km 143 m

Partial Shape Knowledge Sphere vs. Cube 3.6 km 55m
Accommodation Coefficient Zero vs. Ads. Model 20.5 km 20m
Accommodation Coefficient Unity vs. Ads. Model 510m 73 m

Figure 5. Satellite trajectory sensitivities to important drag physics at 300 km and 600 km over a propagation time period of 24
hours. Satellites use / = 0.001 and a spherical geometry unless otherwise stated.
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Abstract

The project focused on improving capability to model
response of permafrost to a warming climate. A highly
parallel terrestrial Arctic modeling tool, the Arctic Terres-
trial Simulator (ATS), was developed to simulate thermal,
hydrological, and carbon cycle processes relevant to the
Arctic tundra. The ATS integrates new models of freezing
soil thermal hydrology and surface water dynamics with
existing models of snow and surface energy balance,
snow distribution, and organic matter decomposition,

all in an extensible and flexibly configured framework. A
novel multiphysics management framework called Arcos
was developed to manage the couplings among the mul-
tiple process models. Arcos has significant potential to
help manage complexity in next generation land surface
and watershed models, and is currently being evaluated
by multiple externally funded programs. ATS models of
the Barrow Environmental Observatory were calibrated
to borehole temperature data and used to project the
response of Arctic tundra to warming climate. Results
suggest significant expansion of the summer thaw layer
by 2100, thus making previously frozen carbon available
for decomposition and potential release to the atmo-
sphere. Results also suggest that uncertainties in soil
properties result in significant uncertainties in projected
permafrost response. The same multi-physics realization
used to simulate the Arctic can be used for a number of
problems of national security interest.

Background and Research Objectives

The Arctic region has been a global carbon sink for
thousands of years and currently contains about half
the global belowground organic carbon [1]. The Arctic

is now warming faster than the rest of the Earth (e.g.
[2,3]) but the scientific community cannot say how much
Arctic carbon will thaw, decompose into greenhouse
gases (GHG), and be released to the atmosphere or how
fast it will happen because current modeling tools do
not adequately address the complex interactions among
thermal, mechanical and hydrologic permafrost pro-

cesses that control GHG production and sequestration
in a thawing and topographically complex landscape.

In particular, current projections of permafrost thaw
and carbon release use simplified representations of
the thermal hydrology of freezing/thawing soil, do not
explicitly model overland flow or lateral subsurface flow,
and neglect the effects of topography on surface energy
balance and hydrology. The overarching goal of this
project was to provide reliable quantitative projections
of permafrost response to a changing climate including
the effects of microtopography and topographic reorga-
nization on hydrologic response and GHG release. The
project focused on critical new modeling capabilities and
improved projections of soil moisture and temperature,
which control GHG release from thawing soil, taking into
account submeter-to-meter scale variations in topogra-

phy.

Scientific Approach and Accomplishments
The Arctic Terrestrial Simulator (ATS) was developed to
provide the required terrestrial Arctic process modeling
capability. ATS leverages and greatly extends the exist-
ing LANL-developed highly parallel Amanzi code [4].
Amanzi provides a number of important features for the
ATS, including a very general parallel unstructured mesh
capability, advanced discretization toolsets for these
meshes, and parallel output for modern visualization
tools. Thermal, hydrological, geochemical, and vegeta-
tion processes relevant to the Arctic tundra models
were developed and implemented in ATS. To manage
the significant complexity associated with those coupled
processes, a novel multiphysics management frame-
work called Arcos [5] was developed (Figure 1). Arcos is
based on a Multiprocessor Coordinator (MPC)/ Process
Kernel (PK) architecture, within which a model for each
individual ecohydrological process is implemented in a
PK and MPCs are used to manage coupling among the
PKs in a hierarchical framework. A second key feature
of the Arcos framework is a directed acyclic graph that
is formed at runtime to manage intermediate variables
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that are shared among multiple PKs. The Arcos framework
has significant potential beyond Arctic simulations, and is
now being evaluated for land surface and ecohydrologi-
cal simulations in externally funded programs focused on
tropical, temperate, and Arctic regions.

A new constitutive model [6] for water partitioning be-
tween ice and liquid phases in unsaturated frozen soils was
developed and successfully compared to existing labora-
tory data. The new constitutive model forms the basis of

a new thermal hydrology model [7] for freezing/thawing
soil, a key component in our permafrost modeling capabil-
ity. That model was successfully compared to existing data
from laboratory experiments. Simulations of phase-change
in freezing/thawing soil are numerically difficult because of
significant nonlinearities in the constitutive models. Con-
vergence and time step size were significantly improved by
a new algorithm for initializing the iterative process at each
time step.

The freezing soil model was combined with a snow and
surface energy balance model and a new and computa-
tionally tractable model for overland flow and heat trans-
fer with freezing of ponded water. That combination of
processes resulted in a fully coupled permafrost thermal
hydrology model. That model was successfully calibrated
and compared to borehole temperature data (Figure 2).

Simulations to predict the future evolution of Arctic low-
land tundra require high-resolution terrain-following com-
putational grids. A computational workflow for generating
such grids using available high-resolution digital elevation
maps was developed and successfully demonstrated using
data from the Barrow Environmental Observatory (BEO).
The workflow includes an efficient multistep procedure for
initializing and spinning up the simulations. A three-dimen-
sional example showing the coupled thermal hydrological
system after spinning up is shown in Figure 3.

Earth system model projections of future climate were
used to drive projections of permafrost dynamics at the
BEO. Preliminary results (Figure 4) suggest that the active
layer, the upper part of the soil that thaws annually, will be
significantly deeper by 2100, making more carbon avail-
able for decomposition and potential release. In addition,
the soil is projected to be significantly drier. Low- and flat-
centered polygons are projected to be wetter than high-
centered polygons. Testing of that hypothesis will require
the capability to represent dynamic topography. Significant
progress was made on implementing the computational
infrastructure required for representing dynamic topogra-
phy, including a tractable algorithm for representing the ef-
fect and dynamic mesh infrastructure. However, additional
work is required to further refine the dynamic topography

capability of ATS. That work is underway in an externally
funded program.

Projections of future permafrost dynamics have signifi-
cant uncertainty. Although uncertainty associated with
the climate drivers have been addressed previously, the
uncertainty associated with difficult-to-characterize soil
properties had not been previously addressed. We used

a calibration-constrained uncertainty analysis to produce
1000 samples of soil property combinations that are all
consistent with exist calibration targets from field cam-
paigns. Those soil property combinations were then used
in forward projections driven by Earth system model runs.
Results (Figure 5) indicate significant uncertainty in pro-
jected active layer thickness even for a specified future cli-
mate. A global sensitivity analysis for permafrost thawing
simulations was conducted to help understand the relative
importance of several physical parameters in controlling
depth to permafrost [8]. The thermal conductivity, poros-
ity and vegetation characteristics were determined to be
the three most important factors contributing to the active
layer depth.

Characterization of permafrost-dominated landscapes is
crucial for understanding and predicting the spatial and
temporal distribution of climate change related impacts
and feedbacks in the Arctic. We developed and evalu-
ated an automated approach to identify and characterize
Arctic ice-wedge polygonal tundra landscape components,
such as troughs, ponds, river- and lake-like objects, which
constitute drainage networks, using high spatial resolution
satellite imagery [9]. Identification and characterization of
drainage network components is important for tracking
Arctic tundra terrain evolution as well as for estimating
water, heat and carbon fluxes for use in climate models.

Impact on National Missions

The project addressed a significant gap in the scientific
community’s capability to understand and predict impacts
of climate change by providing a high latitude high-per-
formance Arctic landscape modeling capability to comple-
ment existing ocean, sea ice, ice sheet and atmosphere
models. In addition, the Arcos framework developed as
part of this project provides new capability to manage
complexity in land surface and ecohydrological models,
which is expected to lead to better representations of wa-
tershed response to changing climate.
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Figure 1. The Arcos process model management framework was
developed to manage the significant complexity associated with
process rich models of permafrost response to changing climate.
Arcos uses a process kernel (PK) and multiprocess coordinator
(MPC) architecture to couple various land surface and near-sur-
face process representations in a dynamically configured simula-
tion. It is based on a process tree (left) to hierarchically organize
the various process models and a directed acyclic graph (right) to
manage intermediate variables that are shared among the vari-
ous process models. The example process tree on the left is for a
coupled surface/subsurface thermal hydrology simulation, while
the directed acyclic graph on the right is for a subsurface only
freezing soil simulation.
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Figure 2. Thermal hydrology coupling surface and subsurface
processes were successfully calibrated to borehole temperature
data from the Barrow Environmental Observatory. Shown in each
panel are temperatures at 40 cm depth for the year 2013 based
on an uncalibrated model, a calibrated subsurface only model,

a calibrated surface/subsurface model, and borehole measure-
ments. The three panels are for different positions in a typical ice
wedge polygon.

Jurea 1, 7010

Figure 3. The ATS has been used in first-of-a-kind three-dimen-
sional coupled surface/subsurface simulations of thermal hydrol-
ogy in polygonal tundra. Shown are soil temperature and snow
depth for a single ice wedge polygon at the Barrow Environmen-
tal Observatory. Ice wedge polygons are the basic geomorphic
unit in polygonal tundra.
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Figure 4. Existing Earth System Model (ESM) projections of
future climate near Barrow Alaska were used to drive two-
dimensional models of permafrost thermal hydrology. Shown are
calculated ice saturation in cross-section across a low-center ice
wedge polygon in 2011 and at three dates in year 2093. Snow
height (black curve) and ponded water height (turquoise curve)
above the topography are also shown. These simulations sug-
gest that the active layer thickness, the thickness of the soil that
thaws annually, will increase from about 30 cm in 2011 to 90 cm
in 2093. These simulations were driven by ESM model outputs
that assume a “business as usual” scenario for anthropogenic
releases of greenhouse gases.
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Figure 5. Parameter estimation using borehole temperature
data was used to obtain soil thermal hydrology parameters ap-
plicable at the field scale. However, the estimated parameters
are not without uncertainty, which results in significant uncer-
tainty in projected active layer thickness. Shown are histograms
of active layer thickness in year 2006 (labeled as Year 1) and
2100 (labeled as Year 95) at the Barrow Environmental Observa-
tory based on 1000 realizations of soil parameters. The 1000 soil
parameter combinations were obtained from a null space Monte
Carlo algorithm, which generates samples that are each consis-
tent with the calibration data. The active layer is projected to

be significantly deeper by 2100, which will expose frozen carbon
for microbial decomposition and potential release to the atmo-
sphere. However, the projections are uncertain even for a speci-
fied future climate because of the uncertainty in soil parameters.
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Abstract

The Institute of Geophysics, Planetary Physics and
Signatures sponsored 45 separate studies, which were
the result of annual, competitive proposal solicitations.
110 scientific publications were produced. We include
a sampling of the studies, as follows: (1) Astrophysics:
supernova element production, star collapse and black
hole formation, and HAWC gamma-ray experiments;
(2) Space: A citizen-science aurora-borealis website,
Terrestrial ring current, Saturn’s magnetosphere, and
Astroseismology; (3) Science of Signatures: Scientific
applications for CubeSats; (4) Climate: Ice ridge param-
eterization for sea-ice modeling, Laboratory ice experi-
ments to enhance glacier models, wintertime warming
effects on Arctic vegetation, paleoclimate analysis to
delineate anthropogenic and natural climate change,
and Real-time Arctic methane isotope field observa-
tions for source attribution; and (4) Geophysics: Unified
crustal models, Improved seismic analysis, Slip-induced
earthquakes, Volcanic eruption modeling, and 3-D frack-
ing modeling.

Background and Research Objectives

IGPPS plays an important role within the major LANL
scientific sectors of: geoscience, global climate, plan-
etary science, and astrophysics. The institute spawns
new scientific directions, bringing additional talent and
breadth to the laboratory (in the form of academic visi-
tors, students, postdocs, and staff employees), and in
establishing connectivity and productive collaborations
between LANL and academic scientists. IGPPS serves
as both a recruitment and retention tool, providing Los
Alamos researchers with professional growth opportuni-
ties to expand technical capabilities into new areas of
personal interest, simultaneously aligned with DOE and
Laboratory institutional technical objectives. These are
important contributions to LANL's scientific leadership
and sustainability as a world-class scientific establish-
ment and national security laboratory.

Scientific Approach and Accomplishments
We highlight some of the 45 separate research studies
that often involved collaborations with 20 Universities.
University graduate students spent approximately 2
contact-years at Los Alamos, side-by-side with LANL re-
searchers. Senior faculty principal investigators spent in
excess of 144 contact-days at the Lab. We direct you to
the publication list to learn more about IGPPS sponsored
studies.

Astrophysics

Big Bang nucleosynthesis has been an amazing success
story, seeking to correctly predict the relative abundance
of the elements produced by the cosmic big bang (H, He,
Li) even though the relative abundances span 6 orders
of magnitude. Although the Li-7 abundance differs from
predictions by a factor of ~ 3, the Li-6 is more of a mys-
tery because it disagrees with supercomputer models

by a factor of almost 1000. A project with UCSD uses
supercomputing to include, for the first time, additional,
previously omitted nuclear reactions.

Supernova explosions are another area where know!-
edge mostly relies on supercomputing. Within super-
nova physics, neutrino transport is the dominant pro-
cess, affecting all stages of the implosion of the core and
explosion of outer shells. Our collaboration with Cal Tech
advances that state of the art by including subtle neu-
trino effects in the shocks that slow down the collapse,
the convection region, and shock bounce. We discovered
that subtle changes in cooling significantly changed the
heating and cooling balance resulting in large variations
in explosion time scales.

For several decades after Los Alamos discovered gamma-
rays bursts, there was dearth of data. New satellites such
as the Swift satellite (which Los Alamos helped design
and build) have collected detailed data for about 1000
bursts. A project with Ohio University models the jets of
ejected material when a massive spinning star collapses
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into a black hole, producing a gamma-ray burst. The mod-
els are compared to gamma-ray, x-ray, optical, and radio
observations to determine the initial conditions in the jet,
thus defining aspects of the black hole collapse.

Stemming from Milagro, a LANL-designed water-based
detector experiment, The High Altitude Water Cherenkov
Observatory (HAWC) consists of 300 water tanks in the
Mexican mountains. Incoming cosmic rays and extremely
high-energy photons produce showers of secondary par-
ticles from which HAWC can determine the original direc-
tion, thus mapping the sky (Figure 1). Research with the
University of Wisconsin provides crucial calibrations of the
background. Correcting for the background is key to study-
ing the surprising result that cosmic ray emissions are not
uniformly distributed across the sky; there is a large-scale
directional variability with hot spots. An explanation for
the discovered “anisotropy” is yet to be found.

There has been a long-term debate whether magnetic
fields or turbulence dominate the time scale for interstel-
lar clouds to collapse producing stars. With Florida State,
we include both effects in supercomputer models of cloud
collapse. The magnetic fields can slow collapse through
slowing diffusion. Turbulence provides kinetic support that
reduces the fraction of mass available for collapse. The
combined model should reproduce the observed energy
balance in star forming regions.

The discovery of ~ 2000 planets around stars is one of the
hottest topics in astrophysics. A big surprise is the pres-
ence of Jupiter-sized gas planets orbiting stars in only a few
days. How could these “hot Jupiters” form and survive so
close to a star? A project with UC Santa Cruz uses a large
hydrodynamics code to study how planets form further
away from the star (like our Jupiter) and subsequently
migrate closer to the star.

Space

In partnership with the New Mexico Consortium, Los Ala-
mos developed a citizen science website, http://www.au-
rorasaurus.org to filter Twitter Tweets for real-time track-
ing of aurora sightings. End users benefit from pin-point
forecasts of space weather activity, essentially mapping
the auroral oval in real time. Increasing public appreciation
and literacy of a scientific phenomenon while generat-
ing scientifically valuable data is an added benefit. NSF
provided $ 1 million of follow-on work to the New Mexico
Consortium/Los Alamos collaborators.

Accurate specification of the magnetic field surrounding
the Earth provides powerful constraints on theories of
magnetic storms and substorms and allows us to better
predict the hazardous satellite-damaging radiation belt

particle populations in space. One collaborative project
with UCLA melds a novel modeling approach together with
NASA spacecraft particle measurements to derive robust,
validated magnetic field models for a variety of magneto-
spheric disturbance levels.

One effort developed the first integrated ionospheric/
magnetospheric model for ring currents (electric current
flowing toroidally around the Earth). Changes in current
are responsible for geomagnetic storms that can severely
affect technological systems, possibly causing permanent
damage to telecommunication and navigation satellites,
cables, or power grids. In particular, ring current models
were combined with other first principle codes to under-
stand the importance of ionospheric oxygen and the solar
wind in the inner magnetosphere. This can be used to
exploit data from the Van Allen Probe satellite currently
investigating the magnetosphere.

A groundbreaking discovery of NASA’s Cassini mission

to Saturn was the existence of a water-vapor plume on
Saturn’s moon, Enceladus. It is believed that underground
oceans on Enceladus feed the plume, which then ejects
water vapor into space. Such plumes, under study with
UCLA, are primary sources of water ions in Saturn’s mag-
netosphere. Understanding space-time variations of the
source rate is critical for predicting overall dynamics and
circulation of Saturn’s magnetosphere.

Using Los Alamos instrumentation on Stereo, Wind, ACE,
and the Venus Express satellites, with UCLA, we studied
the interaction between the solar wind and dust. Dust
accelerated by the solar wind can reach speeds that are a
danger to robotic and manned missions. It was determined
that the interplanetary field was coupled to enhancements
of dust.

Signatures

IGPPS conducted a summer cubesat workshop with
technical staff members and program management. The
goals included identification of national security mission
interests, reviewing appropriate mission payloads, and
determining payload requirements. IGPPS funded twelve
concepts for further development (in progress).

The science of signatures focus area funded limited stud-
ies in three areas: (1) understanding current technologies
and their limitations for sensing and detecting hydrazine
to develop new strategies and materials for understand-
ing potential signatures; (2) the initial development of the
automated extraction and representation of uncertain
numerical values from text with the goal of developing a
two-stage lexical and syntactic parser for linguistic hedge
terms called approximators for signature discovery in
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unstructured text; and (3) examined a number of ideas
regarding the implementation of firing point standardized
diagnostics for a standardized recording system concept to
provide consistent and persistent signature data from LANL
firing point tests.

Climate

With the University of Colorado, remote UAV observations
from NASA’s CASIE campaign in the Fram Strait were used
to characterize sea-ice surface roughness, deformed ice-
fractions and pond-area generated by “real-world” sea ice
mechanics. Analysis identified two key parameters con-
trolling sea ice ridging and its thickness distribution for op-
timization in CICE, LANL's sea ice model. Comparisons with
Fram Strait CASIE data indicate that one can meaningfully
constrain the parameters. This research directly improves
CICE simulations of sea ice thickness distributions, reduc-
ing uncertainty in predicting Arctic sea ice evolution.

Ice-sheet, surface melt water creates moulins or pours
into crevasses, lubricating the ice-sheet bed causing basal
sliding. CryoHydrologic warming occurs when melt water
refreezes within englacial systems which is faster than
surface heat conduction. Does ice melt and flows change
on decadal time scales? Preliminary LANL Community Ice
Sheet Model (CISM) simulations indicated that liquid water
can persist in 1m wide crevasses for ~ 5-20 years, depend-
ing on initial ice temperature and crevasse spacing. Micro-
scale laboratory ice experimental results with University
of Colorado collaborators were used to derive analytical
parameterization to determine the critical discharge value,
above which internal heat generation with an englacial
conduit in cold ice can lead to conduit growth. This new
treatment is improving “enthalpy-based” treatment of ice
sheet ablation zones in CISM.

Arctic plants require snow cover for protection mak-

ing them vulnerable to early warming. LANL built a long
term monitoring site with Norwegian collaborators at the
Abisko, Sweden, field station, which is becoming an estab-
lished LANL-Norway site for long-term data collection and
research. LANL instrumentation was deployed to monitor
plant abundance, stomatal conductance, water transport,
soil sampling, and leaf photosynthetic activity. Controlled
plots were established to examine the effects of early
snowmelt on vegetation. Preliminary results indicate that
the timing of snowmelt has a large impact on the ecosys-
tem.

Global warming is often attributed to the burning of fossil
fuels, but the division between natural and anthropo-
genic components remains uncertain. Most predictions
rely on computer-based simulations that are based on
fundamental physical, chemical and biological processes.

IGPPS sponsored research in collaboration with Texas A&M
uses semi-empirical statistical models to correlate known
anthropogenic forcing by greenhouse gases and aerosols,
solar variations, and natural oceanic and atmospheric vari-
ability with observed global warming. The observed annu-
al, mean global temperature time series is better captured
when the “Atlantic Multidecadal Oscillation, AMO” (cyclic
sea-surface temperature variations), is included. We can
account for 92% of the observed annual mean global tem-
perature variance by including anthropogenic greenhouse
gases and aerosols data, and AMO as predictors. Similar
analyses of the Arctic and the southwestern US reveal that
inclusion of the AMO better describes regional warming.

LANL with Harvard developed ICOS (off-axis Integrated-
Cavity-Output-Spectroscopy), a fast and sensitive methane
isotope sensor. ICOS detects mass differences between
“isotopically” lighter and heavier methane molecules,
12CH4 versus 13CH4. Biogenic sources (e.g. vegetative)
are associated with lighter molecules while heavier meth-
ane is associated with fossil fuels (e.g. gas or oil). ICOS was
integrated into the FOCAL, Flux Observations of Carbon
from an Airborne Laboratory, platform (Figure 3) and
deployed to Alaska. Airborne Arctic measurements clearly
differentiated between releases from local biogenic sourc-
es (tundra) and fossil-energy-related long-range plumes,
emanating from Prudhoe Bay oil and gas facilities. These
first regional-scale, methane flux attribution results will be
presented at the December 2014, American Geophysical
Union conference.

Geoscience

An increasingly important national security challenge is
to accurately locate (few km or better) small “tremors” in
remote parts of the globe. Are they natural earthquakes,
mine blasts, or clandestine nuclear tests? In order to
better understand earthquakes, IGPPS sponsored develop-
ment of unique approaches for simultaneous inversion of
disparate data sets (including gravity and seismic) to make
unified crustal models of Euroasia and the western U. S.
To improve location, discrimination, and yield estimates of
small explosions we also used new measurement and im-
aging methods to map attenuation of the complex surface
shear-waves in China and North Korea (Figure 3).

To understand how shaking on a fault can trigger cata-
strophic slip on adjacent faults, we conducted laboratory
studies to quantify the time-dependent strengthening and
dynamic stress drop across a modeled fault under increas-
ing normal stress and contrasting hydrologic conditions.
Stress drop increases with stick-slip recurrence time. We
suggest that physio-chemical processes, acting at grain
junctions and influenced by fluid pressure during shear,
control aseismic creep and thus influence nucleation
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and propagation of earthquakes. Our research provides
evidence that earthquakes can be triggered when applied
sound-wave amplitudes in adjacent crustal blocks exceed a
threshold strain (Johnson et al., 2013). This work contrib-
utes to on-going DOE- and LDRD-supported research on
acoustical properties of materials.

While large volcanic eruptions can neither be predicted
nor controlled, a better understanding of eruption dynam-
ics may help mitigate their hazards. Through numerical
modeling we determined that the primary control on
whether an erupted gas and ash column ascends in a buoy-
ant plume or collapses into pyroclastic, ground-hugging
flows is the shape of the vent. An increasing vent angle
increases jet diameter and decreases jet velocity, affecting
the transition to pyroclastic flows. Production of shock
waves is dependent on vent shape and on the magnitude
of decompression. Vent pressure controls crater forma-
tion as well as entrainment and distribution of rock mate-
rial from conduit walls. In addition, other factors such as
inelastic deformation and erosion of conduit walls, density
and size of entrained particles (Figure 4), and evolution of
vent shape through erosion are critical. Particulate size has
a large effect on shock structures and eddy formation in
the near-vent region of overpressured eruption columns.
Real-time monitoring of in-progress eruptions may help
guide mitigation strategies.

Advanced numerical modeling permits the evaluation of
large-scale fluid-flow processes that cannot be investigated
in the field or laboratory. Existing codes, (FEHM, PFLO-
TRAN) were upgrade by including new 3-D phenomenol-
ogy, specifically by incorporating newly developed Discrete
Fracture Network capabilities in PFLOTRAN implementa-
tions, the effect of reactive transport of aqueous fluids and
of methane in a variety of engineered and natural systems,
such as hillside drainage, fracking, and acid rock drain-
age. This work significantly expands the numerical tools
available to researchers studying a variety of natural and
engineered systems and provides major increases in real-
ism of the models. The robust participation of students
and outside collaborators in this work has brought new
expertise regarding fluid flow and fracturing to the Labora-
tory and spawned new LDRD funding.

Energy security, involving discovering and characterizing
new resources as well as mitigating adverse effects related
to exploitation are of paramount national security concern.
Using new conceptual models based on field exploration,
we developed numerical models to better predict where
geothermal systems are to be expected, how large they
are, and the total enthalpy (energy) of the systems. The
same models apply to better predicting the effects of fluid
injection (e.g., waste-water injection; “fracking”) to in-

duced seismicity. This work has directly led to new propos-
als submitted to DOE Geothermal.

Impact on National Missions

The research significantly improves our understanding of
classes of earthquakes, volcanic dynamics, and fracking to
allow society to mitigate catastrophic phenomena. This
contributes to higher fidelity prediction of onset of some
natural geophysical events to determine evacuation routes,
better preservation of property or critical natural resources
and infrastructure protection.

Global climate research continues to improve understand-
ing of what may be a “natural” versus anthropogenic-in-
duced climate change, contributing to better informed na-
tional policy implementation to preserve a human-friendly
climate. Aspects of the modeling work migrates to other
agencies such NOAA, NCAR, and elements of DOE’s Office
of Science for application in large-scale climate studies,
that also influence Congressional/Presidential policy.

The astrophysics and space science studies directly bear on
understanding and better predicting hostile space envi-
ronments affecting satellite survivability. IGPPS contribu-
tions can directly impact NASA, DOD, DOE, NSF and other
federal agency programs.
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Figure 1.  First HAWC result: Moon casts a shadow, blocking

cosmic rays. Data corrected for bending of charged cosmic rays
by earth’s magnetic field.
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Figure 2. (Top) Aircraft with sensor package surveying Alaska
Arctic. (Bottom) (Left) Methane from August 26 - 28, 2013 flights.
(Center) Methane isotopic ratios for same period. (Right) Mea-

sure fiber-optic air temperature
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Figure 3. L, Q (attenuation) image of NE China. Black lines

indicate major active faults in Northeast China. Blue represents
high Q (low attenuation) anomalous regions and red represents
low Q (high attenuation) regions. Low attenuation regions are

mainly in the mountainous regions. High attenuation regions

are associated with Quaternary volcanic fields and sedimentary

basins. From Ranasinghe et al, 2014.
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Figure 4. Volcanic Jets: Particle and gas velocities for otherwise

identical jets with different particle sizes.
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Abstract

The main objective of the Space Hazards Induced near
Earth by Large, Dynamic Storms (SHIELDS) project is to
provide critically needed understanding and modeling
capability of energetic particle dynamics in the near-
Earth space environment where operational satellites
reside. During this one year study, the SHIELDS project
investigated the complex dynamic space environment
using data from LANL instruments on geosynchronous
spacecraft and Van Allen Probes, combined for the first
time with computational models and data assimilation
methods, to test the model ability to reproduce more
accurate inner magnetosphere dynamics. We performed
simulations with the LANL ring current model RAM-SCB
coupled with the University of Michigan global magneto-
sphere model BATS-R-US and ionosphere model RIM of
a typical substorm injection event observed by the Van
Allen Probes on 17 March 2013. Our initial results, pub-
lished in one of the most prestigious journals in the field,
validated unambiguously our hypothesis that substorm
injections produce large increases in the hazardous Sur-
face Charging Environment (SCE) consisting of keV range
electron fluxes near Earth (~4-6 RE).

Background and Research Objectives

One of the most important space weather hazards is
the spacecraft Surface Charging Environment (SCE), i.e.
the relatively low energy (less than few 100 keV) elec-
tron fluxes, whose enhancement can lead to satellite
failures during disturbed conditions. Two mechanisms
that may be crucial for the increase of the SCE, but are
not included in any existing global model are: a) par-
ticle injection during geomagnetic substorms, and b)
scattering by plasma waves. Substorms may contribute
significantly to the plasma pressure increase through
the magnetic field reconfiguration, causing sudden
enhancements of the ring current (keV) particle fluxes.
On the other hand, plasma waves redistribute energy
throughout the collisionless magnetospheric environ-
ment through wave-particle interactions that can serve

as an additional mechanism for energy diffusion and par-
ticle loss. Including these processes requires models that
are targeted at key regions/physics regimes, however,
the coupling of these models across multiple spatial and
temporal scales remains an extreme challenge. Guided
by theory and observations, the overarching goals of the
SHIELDS project are to bridge macro- and microscopic
computational models, allowing for the first time to
study the SCE consequences of substorm and plasma
wave dynamics on a global scale. In the limited scope of
a one year study, however, we only targeted the physics
of substorm injections and the use of data assimilation
techniques to test the model’s ability to produce more
accurate ring current dynamics.

Scientific Approach and Accomplishments
Geomagnetic substorms are one of the main drivers

of the surface charging environment (SCE). Substorms
are dynamic magnetospheric disruptions wherein the
nightside magnetosphere reconfigures on a timescale
of minutes; occurring several times during a storm, they
release fast plasma flows injecting hot electrons (few to
10’s keV) at geosynchronous orbit. To reduce the risk of
incorporation of substorm dynamics into global space
weather models (since there is no prior guidance avail-
able), we explored several techniques capturing sub-
storm injections during this feasibility study.

First, we have coupled a LANL ring current model RAM-
SCB [1,2] that uniquely specifies in a self-consistent mag-
netic field the ion and electron dynamics of the inner
magnetosphere with the University of Michigan global
magnetosphere model BATS-R-US [3,4] and ionosphere
model RIM [5]. Figure 1 shows a simulation with these
newly coupled models of the substorm injections ob-
served by the Van Allen Probes on 17 March 2013. This
fully self-consistent “two-way” coupled simulation is a
radical advancement compared to previous studies that
used artificially imposed electromagnetic field pulses to
mimic substorm dipolarization and electron transport,
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and shows significant improvement in reproducing the ob-
servations (Figure 1). Although the data-model agreement
is not ideal so far, our initial results [6] published in one of
the most prestigious journals in the field, validate unam-
biguously our hypothesis that substorm injections produce
large increases in the SCE (keV range electron fluxes) near
Earth (~4-6 RE).

A non-trivial challenge for global magneto-hydro dynam-
ics (MHD) models like BATS-R-US is the issue of timing and
spatial extent of the substorm disruption region. These
codes initiate substorms through tail magnetic reconnec-
tion using finite resistivity to start the reconnection pro-
cess. To address this challenge and improve the accuracy
of substorm phenomenology, we investigated coupling of
BATS-R-US with a regional Particle-in-Cell (PIC) code. We
thus obtained the MHD with Embedded PIC (MHD-EPIC)
algorithm [7] that can successfully model the dayside re-
connection in a 2-D magnetosphere simulation (Figure 2).
The dayside reconnection region is fully covered by a local
implicit PIC model that is “two-way” coupled to the global
MHD model. Figure 2 demonstrates that the magnetic
islands formed in the PIC domain can smoothly propagate
into the MHD region.

Finally, we explored applying data assimilation techniques
to produce more accurate inner magnetosphere dynam-
ics. To this end, an assimilation method was implemented
for the first time in RAM-SCB using observational flux data
from LANL instruments on the Van Allen Probes. These
computations performed at the Lab HPC machines (we had
a yearly allocation of 11.5M CPU-hours) showed that the
assimilation is able to capture substorm phenomena, like
clear pressure intensification during the simulated sub-
storm, that would otherwise be missed in unassimilated
RAM-SCB simulations.

These studies proved our hypothesis that substorms affect
significantly ring current (keV energy) electron fluxes inside
geosynchronous orbit, which are the main cause of the
spacecraft surface charging.

Impact on National Missions

This one year study led to the successful selection of the
SHIELDS proposal for a full, 3-year long, LDRD-DR funding.
The SHIELDS framework, a new space weather forecast and
reanalysis capability, will have a significant impact on LANL
Global Security and Energy Security missions to under-
stand, assess, and predict natural and man-made threats
to the space infrastructure. It will also lead to the recruit-
ment and the retention of postdocs at ISR and T divisions.
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Figure 1. Results from the first substorm simulation [6] we per-

formed with the coupled RAM-SCB, BATS-R-US, and RIM models.
Large increases (black arrows) of the near-Earth electron fluxes
(a) observed with the Van Allen Probes, are reproduced with

(b) the new modeling capability, but not with (c) the old one.
These results prove our hypothesis that substorms cause strong
enhancements of the SCE electron fluxes inside geosynchronous
orbit.
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Figure 2. The left panel shows an overview of the 2-D magne-
tosphere simulation (the Sun is to the right). The colors show
density, the white lines are the magnetic field lines. The kinetic
region around the dayside reconnection site is shown by the red
rectangle. The right two panels show the magnetic field solutions
on the dayside without and with embedded kinetic region (black
rectangle). The MHD-EPIC simulation (far right) produces dy-
namic reconnection process with a chain of islands and stronger
out of plane magnetic field (adapted after [7]).
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Introduction

The critical urgency of forecasting climate impacts

and feedbacks makes understanding, quantifying, and
predicting terrestrial carbon balance and subsequent
climate impacts one of the greatest science challenges
currently facing the world. The real-time monitoring
systems for dominant types of disturbances will provide
a key foundation for our understanding of global carbon
balance. We currently already have fire-burned area
monitoring system and comprehensive land-use change
database; however, there is no global monitoring system
of drought/insect-caused vegetation mortality, which
could be at similar magnitude of fire-caused tree mortal-
ity. Armed with the world’s leading capability in dynamic
vegetation modeling and tree mortality research, we
propose to develop the world’s first automated global
drought/insect-caused tree mortality monitoring system.
The mortality monitoring system is developed based on
the fusion of different sources of information including
real-time mortality signal from remote sensing imagery,
vegetation change information simulated from a vegeta-
tion dynamics model, radiative transfer and reflectance
information from a forest reflectance model, and dif-
ferent sources of background information from forest
inventory and remote sensing products. The fusion of
different sources of information makes it feasible for the
first time in the world to accurately quantify tree mortal-
ity using Moderate Resolution Imaging Spectroradiom-
eter (MODIS) imagery from NASA, which is a common
remote sensing tool for monitoring earth system pro-
cesses globally. This detailed tree mortality quantifica-
tion has never been possible by analyzing MODIS image
alone. The successful development of our monitoring
system will represent an enormous leap forward in our
understanding of terrestrial carbon feedback to atmo-
sphere, which is a key area of climatic change re-search
in LANL’s mission to understand and predict the impacts
of global energy demand.

Benefit to National Security Missions

The development of the world’s first insect-caused tree
mortality monitoring system will represent an enormous
step forward in our understanding of terrestrial carbon
feedback to atmosphere, which is a key area of climatic
change research in LANL's mission to mitigate the im-
pacts of global energy demand. It can help DOE Office of
Science build a global tree mortality database used for
dynamic global vegetation model benchmarking, a key
area that DOE Office of Science is developing through
the International Land Model Benchmarking Project.
The data generated through this project can be used to
substantially improve tree mortality prediction in the
DOE-sponsored Community Land Model (CLM) and thus
improve global climate predictions.

Progress

We have made progress in four areas toward our final
deliverables of SW tree mortality detection. We have
produced about 10 related publications (published, in
review or in prep).

First, we have developed a new method to detect tree
mortality events and attribute an agent of mortality. The
method uses Landsat time series data and multiple veg-
etative indices to identify mortality events in the conifer
forests of the Sangre de Cristo and Jemez Mountains

in northern New Mexico. Fire-, insect-, and drought-
induced mortality were detected on an annual basis
between 1993 and 2012.This method has been tested
using older Landast data (Landast 4), and across the
southwestern US using both Landsat and MODIS satellite
imagery.

Second, the ED-FRT tree mortality monitoring system
has been tested using an extended data set that encom-
passes the TA-51 site and covers a total of nine km2.
Preliminary tests indicate some shortcomings within the
current version of the model (e.g., Misregistration of the
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reflectance data and the lack of variation in the ensemble
runs). We are now working on it to improve the simulation
accuracy.

Third, to improve the accuracy of mortality prediction our
vegetation mode, ED, we have developed a plant hydraulic
model, which has been evaluated against observations
from the Sevilleta LTER site and TA51. With the improved
model, we have made predictions of pinon and juniper
mortality for the SW in next 100 years.

Finally, we have conducted a comprehensive sensitivity
analysis for the ED model to identify key model parameters
that contributes most to the tree mortality prediction. This
helps to target the most important components for both
the ED-FRT monitoring system and the future field mea-
surements.

For FY15, our goal is to derive the carbon loss for the US
Southwest using the developed disturbance detection and
attribution system and the ED-FRT tree mortality quanti-
fication system. Specifically, we plan the following three
tasks.

First, apply the disturbance detection and attribution sys-
tem for the MODIS images from 2000-2013. Second, apply
the ED-FRT tree mortality quantification system for areas
identified as drought caused tree mortality. Third, manu-
script writing for 3 papers including 1) ED-FRT on TA51;

2) the disturbance detection and attribution system for
northern New Mexico; and 3) the tree mortality quantifica-
tion for southwest.

Conclusion

The success of the project will generate two critical prod-
ucts for global carbon cycle assessment and Earth system
model simulation. First, we will fully develop and test
world’s first insect/drought-caused global tree mortal-
ity monitoring system through the coupling of a dynamic
vegetation model, a light reflectance and transmittance
model, and real-time remote sensing observations. Sec-
ond, tree mortality database for build for New Mexico,
Colorado and Western Australia with estimated carbon loss
during the 2000-2012 period will be developed using the
our developed monitoring system, which will be used for
assessing regional simulations using the DOE-sponsored
Community Land Model.
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Introduction

The ionosphere is a high-density layer of plasma through
which all satellite-detected natural and man-made elec-
tromagnetic signals from the Earth’s surface must pass.
Similar to dispersion of light by transparent solids, signif-
icant perturbations in the ionospheric plasma electrons
disrupt electromagnetic signals. Variation in ionospheric
plasma has traditionally been attributed to changes in
geomagnetic activity (space weather). Only recently,
the ionospheric community has begun to realize that
tropospheric thunderstorms (below ~12 km) could have
a significant effect on the ionospheric plasma by the fol-
lowing mechanism: when the updraft in a thunderstorm
lifts the top of the cloud above the tropopause (altitude
of a temperature inversion), the cloud can begin oscil-
lating about that altitude for tens of minutes, producing
a neutral pressure wave, called an atmospheric gravity
wave (AGW), with periods of tens of minutes to hours.
The goal of this project is to quantify and characterize
the ionospheric response to thunderstorm activity, and
to determine the mechanisms and magnitude of such
coupling. This study is the first empirical analysis com-
paring ionospheric fluctuations in the peak plasma layer
to underlying thunderstorms. For the first time, we will
be able to quantify and interpret the spatial extent and
dynamic evolution F-layer ionospheric disturbances due
to thunderstorm pressure waves. This is of extreme im-
portance for understanding and predicting ionospheric
disruption of satellite communications, GPS geolocation
signals, and electromagnetic signals such as EMP that
are an important part of the Lab’s national security mis-
sion.

Benefit to National Security Missions
Contribution to Remote Sensing for Nuclear Nonpro-
liferation and Counterproliferation: Significant pertur-
bations in the ionospheric plasma electrons disrupt
electromagnetic signals, such as electromagnetic pulses
(EMP) that are a key signature of nuclear detonation.

Better understanding of ionospheric disturbances near
thunderstorms will improve EMP location accuracy and
discrimination between various impulsive sources.

Contribution to Space Science: We will empirically study
a new phenomenon for the first time in which atmo-
spheric pressure waves from thunderstorms can signifi-
cantly disturb the electron distribution in the ionosphere
above the storms. Variation in ionospheric plasma has
traditionally been attributed to changes in geomagnetic
activity (space weather). Only recently, the ionospheric
community has begun to realize that tropospheric thun-
derstorms (below ~12 km) could have a significant effect
on ionospheric plasma. This study will provide basic
scientific evidence of the relative importance of thunder-
storm effects on the ionospheric behavior.

Other contributions: Understanding and predicting
ionospheric variations is of importance in understand-
ing disruption of satellite communications, GPS (Global
Positioning System) geolocation signals, and electro-
magnetic signals such as EMP.

Progress

1. Developed data analysis tools for freely-available
measurements of total electron content made by
Global Positioning System ground receivers. These
tools will be useful to the lab for any future iono-
spheric projects involving total electron content
measurements.

2. ldentified storms in the Los Alamos Sferic Array
lightning database with significant lower ionospheric
perturbations.

3. Analyzed several case studies (radar, lightning, and
GPS TEC data) of Great Plains storms to determine
the properties of thunderstorms with significant
lower ionospheric perturbations (i.e. spatial size,
height, lightning activity).

4. Performed statistical analysis to correlate upper
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ionospheric fluctuations and lower ionospheric pertur-
bations associated with thunderstorm activity.

5. Studied associated acoustic wave variations in upper
ionosphere.

6. Journal article accepted in Journal of Geophysical
Research Letters regarding ionospheric perturbations
near and above thunderstorms.

7. Started writing second journal article to be submitted
to Nature Geoscience regarding acoustic waves in the
ionosphere near thunderstorms.

8. Presented results at American Geophysical Union Fall
meeting and International Conference on Atmospheric
Electricity.

Future Work

Main task/goal

Characterize and classify the upper ionospheric response
to lower ionospheric disturbances detected using a region-
al lightning detection network and extend understanding
to a global scale.

Sub-tasks/goals

e Begin global case studies of thunderstorms and
ionospheric disturbances. Specific regions for analysis
include Brazil and Japan. Global TEC measurements
have already been obtained for those regions.

e Write up analysis of case studies of storms in the Los
Alamos Sferic Array lightning database with significant
lower ionospheric perturbations associated with upper
ionospheric disturbances.

e Complete statistical analysis of correlational study
between upper ionospheric fluctuations and lower
ionospheric perturbations associated with thunder-
storm activity and write results in a peer-reviewed
journal article.

Conclusion

Our goals for this project are as follows:

1. Characterize spatial size, magnitude, and temporal
evolution of ionospheric perturbations related to near-
by thunderstorms on a regional scale, and how they
vary with thunderstorm properties (i.e. size, height,
lightning activity).

2. Characterize the magnitude and spatial extent of tro-
posphere/ionosphere coupling on a global scale as a
function of geomagnetic latitude.

Impact

The findings from this study will be used to test and evalu-
ate existing atmospheric gravity wave models, enabling us
to distill and discover the physical processes responsible
for energy and mass transport between the D-layer and

F-layer, and to better now-cast and forecast ionospheric
disturbances.
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Introduction

A procedure to produce branched alkanes containing ten
and eleven carbon atoms from starch in two steps using
mild acidic conditions with lanthanide and palladium
catalysts is known. The reaction proceeds well at 200 oC
under moderate pressure of H2 (200 psi); however, the
mechanism and the identity of any reaction intermedi-
ates are unknown. If the steps involved in this general
reaction can be better understood, routes that obviate
the need for expensive catalysts as well as the use of
ambient reaction conditions might be achievable.

Benefit to National Security Missions

The work to be carried out develops the understanding
of fundamental chemical reactions (i.e. Fundamental
Chemistry Mission) with direct relevance to biomass
derived substrates to produce fuels and chemical feed-
stocks. Development of competitive alternative energy
sources and feedstocks directly impacts our national
security mission.

Progress

The complete mechanism has been elucidated for a
model system and this has revealed a key intermediate
that is pivotal for the hydrodeoxygenation mechanism to
proceed via a lower energy input. This is a very impor-
tant discovery and we have a paper ready for submis-
sion to the Journal of the American Chemical Society
detailing this work. We have also started looking at
more complex mechanisms and they should be ready for
publication shortly.

Future Work

The mechanistic studies are on-going and proceeding
well. We are currently in the process of writing three
manuscripts for publications. Further development of
more complicated reaction schemes will be completed.

Conclusion

We expect to gain a more detailed understanding of
hydrodeoxygenation reaction mechanisms involved

in alkane production from biomass and to develop an
insight into potential new catalysts for performing these
transformations.

Publications
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Introduction

The overarching goal of this project is to support the
biosecurity mission of LANL in defeating biothreats due
to drug-resistant bacteria and viruses and confront the
accelerating development of antibiotic resistance by
identifying novel bioactive compounds. This project
focuses on the identification of new biosynthetic clusters
that produce novel natural products with new chemical
properties (chemotypes) to create a compound database
for drug development and to decipher the logic of natu-
ral product biosynthesis. Those compounds have the
potential to be developed into highly effective antibacte-
rial treatments while being immune to current resistance
mechanisms, since pathogenic bacterial strains have not
been exposed to those compounds.

Genetic and enzymatic studies provide insight of isolat-
ed enzymatic functions in natural product biosynthesis,
but have not led to new strategies to discover novel nat-
ural products biosynthesized by complex enzyme assem-
blies. Bioinformatics and structural studies are providing
insight of three-dimensional folding and selective protein
complex formation processes of key enzymes essential
for the formation of biosynthetic clusters that produce
medically relevant compounds. The unique and not-yet
understood spontaneous self-assembly of these enzymes
into clusters defines the very selective biosynthesis of all
secondary metabolites of which only an estimated 0.1%
have been identified so far. Once understood, known
biosynthetic complexes can then be engineered to pro-
duce new drugs or lead to an efficient identification of
new enzymatic assembly lines in vast genome data and
isolation of their products that are novel drug leads.

Benefit to National Security Missions

New antibacterial and antiviral treatment options are
urgently needed to reduce the threat to public health.
The accelerating development of drug resistance in
pathogens and its impact on lethality rates is widely

discussed by several funding agencies (incl. HHS, DARPA,
BARDA, DTRA, DOD), in scientific press releases and
among general public press outlets.

This project is directly related to LANL's missions in
Global Security, Biothreat Reduction, and in alignment
with the National Security goal of LANL's Bioscience
Division. It addresses Priority Area 1 of the Complex
Natural and Engineered Systems focus area. Specifically,
the ability to decode the biosynthetic logic will acceler-
ate the field of synthetic and systems biology and allow
for efficient engineering of drug candidates. This project
supports LANL public health mission (Homeland Security
Act 2002, DOE Strategic Plan 2011, Public Health Secu-
rity and Bioterrorism Preparedness and Response Act
2002) as well as its mission in global threat reduction. It
also has direct appeal to WFO sponsors, as expressed in
ongoing interests by DTRA to develop countermeasures
for natural and man-made biothreats. It will both lever-
age and strengthen LANL's capabilities in computing, ge-
nomic and biosynthetic research. We will keep program
managers in Global Security (Science of Signatures),
DTRA and DOE BES programs appraised of the results of
our research so that we can develop future funding for
this effort.

Progress

This project focuses on methods to identify genes cod-
ing for new biosynthetic enzyme clusters that produce
bioactive metabolites with new chemical properties
(chemotypes) in genetic information of bacteria, fungi
and plants, and to predict the chemical composition or
chemical structure of these biosynthesized natural prod-
ucts based on their encoding. It describes a “Genome-to-
Drug” discovery route with the goal to create a search-
able database of all known and newly identified enzyme
clusters and produced compounds for drug development
and to decipher the logic of enzyme cluster formation.
Natural products represent the class of small bioactive
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molecules that are widely applied as antibacterial, antivi-
ral, antitumor, antifungal, immunosuppressant and anal-
gesic drugs. The search for new antibacterial and antiviral
drugs supports the biosecurity mission of LANL and other
federal government agencies as reflected in numerous
recently issued press releases, several research funding
announcements.

Since the start of this project (April 2014), we have been
collecting, characterizing and depositing protein sequenc-
es, enzyme function and structural data in a library of
biosynthetic clusters and a library of produced medicinal
relevant natural products. First successes were demon-
strated with the identification of 19,500 new biosynthetic
gene clusters in GENBANK-deposited bacterial and fungal
genomes. In addition, 250 recently sequenced genomes
have been made available by a federal agency. This col-
lection represents the initial set to develop algorithms to
predict the protein complex assembly and the chemical
structure of the produced bioactive compounds.

We programmed a searchable database with a graphical
user interface that connects strain and genome informa-
tion with cluster peptide sequences and structural infor-
mation of the associated natural product of publicly avail-
able bacterial systems (GENBANK). We continue to expand
the number of entries by including the NORINE and Merck
Natural Product libraries to further improve the consis-
tency of structural motifs used for our search algorithm
and to enable a reliable prediction of the assembly orders
in biosynthetic clusters. We developed a file format that is
a one-cluster-per-file setup to allow cross-strain searches
and alignments to identify similarity in biosynthetic pro-
cessing of different natural products in different strains.
This further helps to identify events of horizontal gene
transfer between species and across strain families.

In addition to previously described recognition motifs
(e.g. the phosphopantetheinylation site of thiolation (T)
domains or the substrate recognition sites of adenylation
(A) domains) in NRPS clusters, we identified short pep-
tide sequence motifs that show high sequence similarity
in all domains of a biosynthetic module in case the same
substrate is processed. Homology modeling of T, A and
condensations (C) domains revealed that these motifs are
located on the surfaces of domains and proteins and seem
to be highly conserved in their charge distribution if one
particular building block is incorporated into the grow-

ing product chain. So far, these structural motifs seem to
be consistently located at the interfaces of domains of an
isolated module and at the proposed interfaces to neigh-
boring modules. The identification of conserved peptide
sequences, among all domains of one biosynthetic module

that correspond to the processed substrate of this bio-
synthetic unit suggests that a quality control mechanism
to ensure the correct biosynthesis of natural products is
embedded within the peptide sequence of natural product
assembly lines. Although it seems necessary to ensure the
correct biosynthesis of bioactive compounds, a proofread-
ing mechanism has not been previously proposed. If we
can consistently prove this hypothesis for all incorporated
substrate building blocks and for in-trans active tailoring
enzymes, we will be able to predict the protein complex
formation of a biosynthetic module, even for genetically
distributed domains, and its clustering order with neigh-
boring modules into biosynthetically active assembly lines.
In turn, this will allow prediction of the biosynthetic pro-
cessing order of a natural product along its assembly line,
since these clusters work in a step-by-step mechanism, and
will enable us to make assumptions about the chemical
structure of a natural product solely based on its genetic
encoding.

We will continue our search by analyzing biosynthetic
clusters from bacteria/fungi and plants. We are confident
that the generated information of bacterial, fungal and
plant biosynthetic systems will enable identification of new
natural products and guide an informed isolation of those
newly identified compounds based on predicted chemical
composition and structure.

Future Work

Natural products represent the class of small bioactive
molecules that are widely applied as antibacterial, antivi-
ral, antitumor, antifungal, immunosuppressant and anal-
gesic drugs. This project focuses on methods to identify
genes coding for new biosynthetic enzyme clusters that
produce bioactive metabolites with new chemical proper-
ties (chemotypes) in genetic information of bacteria, fungi
and plants, and to predict the chemical composition or
chemical structure of these biosynthesized natural prod-
ucts based on their encoding. This knowledge will allow (1)
identification of new drug classes with new physiological
properties, and (2) manipulation of these assembly lines
to produce specific drugs and/or efficiently manufacture
novel and unique metabolites.

In the next funding period, we will continue analyzing vast
bacterial and fungal genome data in an automated search
algorithm we developed. We will identify and characterize
novel natural product assembly lines, continue to com-
plete the database of biosynthetic clusters to allow the
identification of common recognition motifs (jigsaw puzzle
links). We will continue updating and improving the search
algorithm using the new data.
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We will also expand the search for relevant biosynthetic
clusters and natural products to plant genomes and in-
clude those in our created libraries.

We will begin isolation of first, predicted natural products
and confirmation of their structure/composition.
Conclusion

This project leads to the identification of biosynthetic
clusters in diverse genomes and the informed isolation of
novel natural products from strains known to synthesize
potent bioactive compounds. We collect and characterize
data in a library of diverse biosynthetic clusters and me-
dicinally relevant natural products. This information is the
basis to decipher the mechanism of complex self-assembly
in natural product biosynthesis, which will reflect in the de-
velopment of algorithms to predict the chemical structure
of natural products based on their genetic encoding.
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Abstract

In the living cell, the double-stranded DNA molecule
experiences natural thermal motions that induce spon-
taneous openings and re-closings of the double helix
known as “DNA breathing,” or “DNA bubbles.” The
genomic locations that demonstrate an enhanced local
breathing (usually situated at regulatory sites) have
been called nonlinear vibrational hotspots of the DNA.
The local propensity for breathing, i.e., the density and
strength of the local DNA hotspots are related to the
DNA stability and flexibility that play a key role in DNA
biological functions such as transcription and replica-
tion. Our research shows that DNA breathing is directly
associated with the reading of the genetic code, i.e. with
the transcription as well as with DNA-protein interac-
tions, and participates in genetic disease mechanisms.
We developed a new computation tool for prediction
and modification of the strength of DNA hotspots. We
correlated our predictions with genomic data obtained
by others, and we also demonstrated and experimentally
verified the ability of our tool to make predictions. Spe-
cifically, we have designed various regulatory DNA sites,
and, by changing the strength of DNA hotspots situated
in these sites, we changed their functions and checked
experimentally that these modifications are changing the
corresponding functions according to our predictions.
Additionally, we have experimentally demonstrated, for
the first time, that by affecting DNA breathing, electro-
magnetic terahertz radiation can influence gene expres-
sion and can be used for stem cell reprogramming.

Background and Research Objectives

The structural stability and functional properties of
biomacromolecules are primarily governed by hydrogen
bonds (H-bonds). The vibrational frequencies of intramo-
lecular and intermolecular H-bond’s are in the terahertz
(THz) range. The H-bonds are much weaker than cova-
lent bonds, and that is why biomacromolecules (at physi-
ological temperature) experience slow conformational
motion resulting from inherent thermal fluctuations.

Thus, the double-stranded (ds)DNA experiences ther-
mal motions that spontane-ously induce local openings
and re-closings of the helix (i.e., “DNA breathing” or
“DNA bub-bles”). The local genomic propensity for DNA
breathing is interrelated with its stability and flexibility,
which play important roles in cellular gene expression
and transcription.

In general, the cellular transcription (i.e., the reading of
the genetic code and therefore the production of all the
proteins and lipids by the cell) is controlled by various
cellular proteins (transcription factors), whose bindings
to DNA can enhance or suppress the process. It was
established that some transcriptional start sites (TSSs)
and transcription-factor-binding sites (TFBSs) display an
enhanced breathing, associated with prolonged tran-
sient openings of the DNA double helix (bubbles). The
genomic locations (usually situated at genomic regula-
tory sites, such as core promoters) that demonstrate an
enhanced breathing have been called nonlinear vibra-
tional hotspots of the DNA. Further, we have demon-
strated theoretically that an exposure to a prolonged
THz radiation can resonantly induce such DNA hotspots,
which can potentially influence the local breathing, and
hence the gene expression and cellular function.

Scientific Approach and Accomplishments
Computational prediction of promoters and the
transcription start sites (hotspots=TSSs)

We developed a new promoter prediction protocol that
exploits structural and motif-based DNA characteris-
tics together with the local breathing dynamics of the
double helix. Our novel recognition algorithm used su-
pervised and unsupervised learning techniques for core
promoter recognition on genomic scale. Via our Markov
Chain Monte Carlo algorithm, we performed extensive
computer simulations of the DNA breathing dynamics of
the following genomic sequences: 30,000 core promot-
ers (all the human genomic promoters of the protein
coding genes), 30,000 exons, and 30,000 non-promoters
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- total 107 base pairs. We demonstrated that adding DNA
breathing dynamics characteristics to currently used recog-
nition characteristics and applying modern machine learn-
ing methods leads toward a general and more accurate
genomic-scale promoter prediction in this genomic set.

We applied our prediction method to two newly se-
guenced phages’ genomes, and characterized their pro-
moters and active TSS and TFBSs.

Understanding the mechanisms governing affinity of the
transcription factors binding sites and their modifications
(hotspots =TFBSs)

We studied DNA breathing dynamics of various trinucleo-
tide repeats sequences (TRS) that represent a common
type of genomic DNA motif whose expansion is associated
with a large number of human diseases (e. g. Huntington
disease, X-syndrome, and many others). We found a novel
and notable collective breathing behavior of genomic DNA
of tandem TRS, leading to propensity for large local DNA
transient openings at physiological temperature. We dem-
onstrated that the patterns of openings of various TRSs
depend specifically on their length.

We reported that TRSs interfere with the binding of some
of the TF by altering the local DNA breathing (in the
proximity of the binding sites). Using our computational
framework, we designed a modification of the genomic
TATA-box (the famous binding site of the TBP), and showed
that we can change the TBP binding by inserting specific
TRSs, while the nucleotides where the TBP was in contact
with the DNA (i.e., the direct points-of-contact) were left
unchanged.

We developed a computational framework for identifying
and designing the strength of TF binding sites, based on
modeling of the DNA hotspots. The new tool has a novel
capability to predict the effects of nucleotide modifica-
tions, e.g., DNA-methylation, mismatches, and flanking
sequence variations on protein binding in cases where
binding is sensitive to DNA conformations. In particular,
we investigated in detail the influence of DNA breathing
dynamics on the binding of the Fis protein (conserved
between Escherichia coli and Salmonella typhimurium),
which is known to bind at highly variable sequences. To
test our understanding of how Fis binding is influenced by
DNA hotspots we designed computationally various Fis
binding sites. Specifically, we designed new mutant DNA
sequences, leveraging various nucleotide modifications,
such as: mismatches; nucleotide methylations; and base
pairs substitutions in DNA segments that are known to in-
teract (or not interact) with Fis. In each case, our intention
was to make the DNA hotspots either closer to or farther
from the typical simulated hotspot of a “strong” Fis bind-

ing site. Our predictions were validated by electrophoretic
mobility shift assay (EMSA) experiments —in vitro, and by
bioinformatic analysis of all known Fis binding sites - in
vivo.

Applying our new TF binding-prediction protocol, we
studied the effect of inherited single-base-pair variations,
i.e., of single nucleotide polymorphisms (SNPs), implicated
in cognitive deficit in schizophrenia in a cohort of 1200
patients. We found experimental evidence that changes in
DNA breathing dynamics, caused by a few SNPs influence
binding of specific TFs by long-range effects and hence
gene expression that points to two adjacent promoter
SNPs as the functional variants associated with schizo-
phrenia. In particular, our simulations of DNA hotspots
significant sequence effects of specific SNPs on the local
breathing dynamics of DNA, while EMSA and transcription
(RT-PCR) experiments confirmed the conclusions from our
simulations.

By using site-specific chromatin immunopecipitations, we
applied our TF computational framework to derive a spe-
cific DNA breathing profile of the transcription factor YY1
binding sites in cells. The ubiquitous TF YY1 has a funda-
mental role in essential biological processes by activating,
initiating or repressing transcription depending upon the
sequence context it binds. We found that the genomic
flanking sequence variations and single nucleotide poly-
morphisms may exert long-range effects on DNA breathing
dynamics and to predetermine in this way the YY1 binding.

Modifying cellular gene expression via THz irradiation
(modification/creation of DNA hotspots by THz
irradiation)

We evaluated cellular response of mesenchymal mouse
stem cells exposed to a broadband THz radiation. After
designing the experiments, we conducted the irradiations
and performed: mRNA extraction, gene chip statistical sur-
vey, and quantitative real time polymerase chain reaction
(Q-PCR) experiments, as well as computational analysis.
We found that an extended (6 hours) exposure to broad-
spectrum terahertz radiation results in specific changes in
gene expression. Our findings suggested that the prolong
terahertz irradiation accelerates cell differentiation (cell
reprograming) toward the adipose phenotype by activat-
ing the transcription factor peroxisome proliferator-acti-
vated receptor gamma (PPARG). Our molecular dynamics
computer simulations indicated that the local breathing
dynamics of the PPARG promoter DNA coincides with the
gene specific response to the THz radiation. Hence, we
argued that THz radiation could be a potential tool for cel-
lular reprogramming.

We investigated theoretically the physical conditions of
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DNA-bubble appearances in a THz field. We calculated the
nonlinear response manifolds for the period T-solutions
and the period-doubled 2T-solutions of the DNA nonlinear
vibrations were T is the period of the external THz field.
We demonstrated that the period-doubled breathers (DNA
bubbles) appear naturally in a THz field, even if the am-
plitude (A) of the external field is very small, |A|~0. We
showed that these period-doubled breathers arise from
the multistability overlap between various stages of the
Feigenbaum period-doubling cascades in the non-linear
potential of the DNA hydrogen bonds.

We study proliferation of electromagnetic waves (EM) in
double-periodic medium that is periodic in space and in
time. The time-periodicity can be achieved by irradiating
the medium with an EM (e.g. THz radiation) source chang-
ing in this way its dielectric constant periodically. We found
new and exotic solutions of the spectrum of EM in such
media, and possible resonances caused by the double-
periodicity and eventual incommensurability between the
space and time periods.

To understand the connection between THz radiation and
DNA dynamics, we studied the effects of the anharmonic
strand-separation dynamics of double-stranded DNA on
the infrared spectra of the intramolecular base-pairing
hydrogen bonds. Using the extended Peyrard- Bishop-
Dauxois model for the DNA breathing dynamics coupled
with the Lippincott-Schroeder potential for N-H...N and
N-H...O coupled with the Lippincott-Schroeder potential for
N-H...N and N-H...O hydrogen bonding, inserted in the Sch-
rodinger equation, we identify a high frequency (~96THz)
feature in the breathing DNA infrared spectra. We show
that this sharp peak arises as a result of the anharmonic
base pair breathing dynamics of DNA. In addition, we study
the effects of friction on the infrared spectra. For higher
temperatures (~300 K), where the anharmonicity of DNA
dynamics is pronounced, the high frequency peak is always
present irrespective of the friction strength.

We performed a large series of THz irradiations on sets of
mesenchymal mouse stem cell cultures in a different time
point of their development. After the irradiation we lever-
aged again mRNA extraction, gene chip statistical surveys,
and quantitative real time polymerase chain reaction
(Q-PCR) experiments. We repeated our previous experi-
mental results but we observed that the level on the effect
depends on the level of stem cells’ differentiation. Addi-
tionally we executed a detailed statistical analysis of the
obtained experimental data. Specifically, we analyzed the
gene expression data from 18 gene chip micro-assays (cho-
sen for whole-genome mouse expression profile), and ad-
ditionally the RT-PCR data obtained for 23 selected genes,
from the irradiation of the cellular cultures irradiated by

two different terahertz sources - one with single frequency
(SF) and the other with broadband frequency beams, for

2 hours and for 12 hours. We performed simulations and
correlated DNA breathing of the core promoters of the
found upregulated genes. The insignificant differential
expression of heat shock and stress related genes as well
as our temperature measurements imply a non-thermal
response. The microarray survey and RT-PCR experiments
demonstrate that at different irradiation conditions distinct
groups of genes are activated. Stem cells irradiated for 12
hours with the broadband THz source exhibit an acceler-
ated differentiation toward adipose phenotype, while the
2-hour (broadband or SF) irradiation affects genes tran-
scriptionally active in pluripotent stem cells. Phenotypic
and gene expression differences suggest that the THz
effect depends on irradiation parameters such as dura-
tion and type of THz source, and on the level of stem cell
differentiation. We propose that TH radiation has potential
for non-contact control of cellular gene expression and for
the regeneration medicine.

Our results have been published in 11 peer-reviewed ar-
ticles, one book—paragraph, and have been reported on 11
conferences and workshops (with 4 invited talks). We filled
out one discloser agreement in the LANL IDEA. Our efforts
have been internationally recognized, and we received a
Senior Research Fellowship at Durham, UK, funded by the
EU.

Impact on National Missions

Our accomplishments support LANL and DOE interests in
genomic studies, development of modern statistical learn-
ing computational tools, and advanced knowledge on cell
biological functions of the complex systems. The research
is directly aligned with LANL's and DOE’s complex biological
systems prior-ity in synthetic biology, as it aspires to de-
sign, construct, and manage “biological func-tions/systems
that are more efficient/effective in their applications.”

We believed that we opened a new venue for investigation
of the interaction between the THz radiation and living
matter and proposed a new way of stem cells non-contact
reprograming. We also developed a tool for prediction of
the DNA hotspots leading to novel insights about their role
in the protein-DNA binding and in the role of the physico-
chemical properties of DNA in the biological function.
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Abstract

Energetic ions in natural and artificial radiation belts

can cause damage to the civilian and military assets
whose orbits intersect those belts. To better predict

the threat posed to satellites, we must understand the
physical processes, which govern the formation and loss
of these radiation belts. One such process is known as
magnetic field line curvature (FLC) scattering, and it is
found to cause the rapid de-trapping and loss of the
inner radiation belt protons during geomagnetic storms.
Through test particle simulations, we investigated how
the properties of this loss mechanism depend on the
proton’s energy, velocity, radial position, and geomag-
netic activity level. From these results we were able to
determine reasons why existing models of FLC scattering
induced loss do not agree well with satellite observa-
tions. We then developed a new predictive model for
FLC scattering induced loss in the inner proton belt that
shows very good agreement with the simulation results
and is easy to use. We also used the test particle simula-
tions to investigate the potential effects of FLC scattering
on ionized fission fragments after a high altitude nuclear
explosion. This is important for artificial radiation belt
models, which calculate the spatial distribution of the
high energy electrons produced by the beta-decay of the
fission fragments. We determined that FLC scattering is
not a substantial transport mechanism for the ionized
fission fragments, but that it could be a substantial loss
mechanism if ionized fission fragments are injected at
very high altitudes, which they are in current artificial
belt models.

Background and Research Objectives
Recent satellite observations indicate that geomag-
netic storms can cause energetic protons trapped in
the Earth’s inner radiation belt to become de-trapped
and lost on timescales faster than any known physical
processes associated with the radiation belts. Analytic
studies indicate that these protons may be rapidly de-
trapped and lost because their motion is modified by

sudden changes in the magnetic field during magnetic
storms in a process called magnetic “field line curvature”
(FLC) scattering. Comparison of observations to the pre-
dictions of these various analytic models, however, has
yielded discrepancies, which have yet to be explained.

Additionally, satellite observations from the 1960’s of
the artificial radiation belt produced by beta-decay of
fission fragments after the Starfish Prime high altitude
nuclear test shot indicated that its artificial radiation
belt extended above 10,000 km and persisted for several
years, damaging a large fraction of the existing space in-
frastructure. The spatial extent of this artificial belt was
not predicted at the time and has not been explained
since; however, it has not yet been tested whether or
not the ionized fission fragments could have become
de-trapped due to FLC scattering in the HANE-perturbed
magnetic fields, allowing them to travel to higher alti-
tudes where they could have subsequently populated
the artificial radiation belt.

For the natural radiation belts, our first goal of this
project was to carry out a simulation study to better
understand the physics of the FLC scattering loss mecha-
nism and the magnetospheric conditions that cause it,
and determine why the existing analytic models did not
agree well with observations. Our second goal was to
use the simulation results to develop a new model of FLC
scattering induced de-trapping, which could be easily ap-
plied as a space weather predictive model for the inner
proton belt. Our third goal was to validate our newly de-
veloped model by comparing to several observed cases.

Within the time frame of the project we were able to
accomplish the first two goals, however we ran out of
time before we could do the observational validation.
Our simulation results showed that FLC scattering is a vi-
able mechanism to explain the loss of inner belt protons
after a geomagnetic storm and the results have helped
us to identify reasons for the discrepancies between the
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observations and the current analytic model predictions of
the inner belt proton structure after geomagnetic storms.
We have also developed a new predictive model for inner
proton belt de-trapping that depends on the proton’s or-
bital distance, velocity, the magnetic field model, and the
geomagnetic activity level.

For the artificial radiation belts, our project goal was to
test whether or not FLC scattering of the ionized fission
fragments was capable of transporting the debris ions to
higher altitudes on rapid timescales. Our first simulation
results accomplished this goal, showing that FLC scatter-
ing was not a viable mechanism to explain the large spatial
extent of the Starfish artificial belt. Although we quickly
came to this conclusion, we then realized that we could
test another relevant aspect of the problem, and adjusted
our goals. Our second goal then became to test whether or
not debris ions could be trapped when injected onto mag-
netic field lines at very high altitudes as is done in several
existing artificial belt models. This injection of debris ions
is employed in order to produce a match to the observed
spatial structure of the artificial belt, but may be unphysi-
cally trapping the debris ions.

Scientific Approach and Accomplishments

For this project we developed a particle tracing (test
particle) simulation code to follow the motion of energetic
ions in the Earth’s magnetosphere. In the radiation belts,
trapped ions typically exhibit three basic types of mo-
tion—they gyrate around magnetic field lines, bounce up
and down magnetic field lines and drift around the Earth.
Figure 1 (left) shows the trajectory of a hypothetical proton
in a trapped orbit, which starts at the green dot and ends
at the red dot (combined gyration, bounce and drift mo-
tion is seen). The Earth is approximated as the large blue
sphere for reference. FLC scattering can occur every time
an ion bounces past the equator, and typically manifests
in changes in the ion’s pitch-angle, a, which is the angle
between the magnetic field and the ion’s velocity vector. If
a trapped ion’s pitch-angle is sufficiently decreased in the
scattering, then it can end up lost into the atmosphere.
Though this change in pitch-angle can be small on a single
bounce, because ions can bounce hundreds of times in

a typical orbit, the cumulative effect can be large and a
large population of previously trapped ions can end up de-
trapped and lost to the atmosphere.

Whether or not the ion experiences FLC scattering and

is de-trapped depends on its mass (m), charge state (q),

energy (E), pitch-angle (a), and the magnetic field topol-
ogy at its orbit. For example, further from the Earth, the
magnetic field lines become more curved at the equator,
which favors FLC scattering. This is why FLC scattering is

particularly prevalent during geomagnetic storms, because
the magnetic fields become even more curved at these
times. FLC scattering happens then because the gradients
in the magnetic field experienced by the ion during one gy-
ration as it crosses the equator are non-negligible. In this
case, constants of motion cannot be determined, and the
ion can exhibit trajectories, which are not predicted by the
typical expected (adiabatic) motion. Figure 1 (right) shows
the trajectory of a hypothetical proton when it is subject to
FLC scattering. Note how the motion is chaotic compared
to the trapped orbit in the left panel.

To test the effect of varying initial spatial and velocity dis-
tribution and magnetic field model we carried out ensem-
bles of simulations of populations of natural belt protons
and artificial belt debris ions. The protons and debris ions
were tracked in the simulations until they are either lost or
stably trapped. The ions are considered lost if they exit the
simulation box (radial distance > 15 Earth radius) or if they
enter the atmosphere.

For the natural belts, our simulation results showed good
agreement with existing analytic models predictions

for the degree of FLC scattering caused by a proton in a
single-scattering event (single bounce). However, our
results after cumulative scatterings (tens to thousands

of bounces) can show significant disagreement with the
analytic model predictions. We identified several reasons
for this disagreement, mainly in the assumptions made in
these analytic models. First, these models assumed that
the cumulative behavior could be predicted based on the
degree of FLC scattering during the first bounce. We found
this assumption led to a significant over-prediction of

the loss. Second, these models did not accurately reflect
the effect of the proton’s gyrophase angle on the scatter-
ing. The gyrophase angle is a measure of the clock angle
of the proton in the plane of its gyration; for example, as
the proton is gyrating around the magnetic field line, the
point in its gyration when it is furthest from the earth is at
0 degrees, while the point in its gyration when it is clos-
est to the earth is 180 degrees). The gyrophase angle is
important because the gradients in the magnetic field are
different at the points in the gyration.

Based on our test particle simulation results, we were able
to develop a new analytic model to better predict the FLC
scattering induced loss of protons based on their energy,
pitch angle, orbit radial distance, and geomagnetic activ-
ity level [1]. By applying our new model, we obtain very
good agreement with our simulation results for a range of
geomagnetic activity levels. Figure 2 shows a comparison
of the simulation results (gray line) to the predictions of
our new model (yellow) and several other existing models
(blue, red, green). Shown are the radial profiles of inner
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belt protons (L is a measure of radial distance in units of
Earth radius, Re) for cases of 25 and 100 Mega-electronvolt
(MeV) proton energies under different magnetic field
models. The geomagnetic activity level is given by the
index Kp, where Kp = 3 is a moderate storm and Kp = 6 is

a very strong storm. Thus our model can potentially serve
as an easy-to-use and more reliable predictor of inner belt
proton loss due to FLC scattering than the previously used
models.

For the artificial belts, our simulation results showed that
FLC scattering of debris ions was possible but the effects
due to the explosion-perturbed magnetic fields would be
minimal. Thus, we concluded that FLC scattering could
not have been responsible for transporting debris ions to
significantly higher altitudes than the burst altitude.

Our test particle simulation results also showed that the
common practice in artificial belt models of simply inject-
ing debris ions at high altitudes to produce an artificial belt
structure that agrees with observations must consider the
effects of FLC scattering [2]. Figure 3 indicates the fates of
the debris ions launched in the simulation. FLC scattering
may cause debris ions to be lost to the atmosphere (blue
areas) or lost outside the simulation box (orange areas).
Debris ions that remain trapped on the field lines are
indicated in gray. Shown are plots for varying initial debris
ion velocity (500, 2000, 4000 km/s), mass (m) and charge
state (qg). L is a measure of the radial distance in units of
Earth radius. We find that some of the debris ions will
likely FLC scatter and be lost to the atmosphere or outside
the simulation box on timescales of seconds, which does
not give them sufficient time to populate the region with
beta-decay electrons. This effect is not included in current
artificial belt models.

Impact on National Missions

This research directly supports the LANL mission because
its results address a gap in modeling space weather. Ener-
getic protons in the inner radiation belt are not currently
included in such models, but pose a significant hazard to
spacecraft in orbit. Space weather effects on sensors can
compromise our Nuclear Detonation Detection (NDD)
remote sensing program, so understanding the potential
hazard from natural or artificial radiation belts from a High
Altitude Nuclear Explosion (HANE) is critical.

(a) 50 MeV proton, a,, =45° atL =3
At equator: p,, = 599 km , R = 3675 km

(b) 500 MeV proton, a,, = 45°, atL =3
At equator: py, ., = 2103 km, R, = 3675 km
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Figure 1. (Left) The trajectory of a hypothetical proton in a
trapped orbit which starts at the green dot and ends at the red
dot. Combined gyration, bounce and drift motion is seen. (Right)
The trajectory of a hypothetical proton when it is subject to FLC
scattering. The motion is chaotic compared to the trapped orbit
in the left panel. The Earth is approximated as the large blue
sphere for reference in both panels.

analytical models + constant cutoff

— Birmingham
(BH/H) 3 = 0.01
— Young o 04

i |

100 MeV m
W Kp=3 Kp=6
= =
L 1
L T

L)
-
25 MeV
Kp=6 q':ﬁ
4

2 3
R/IR

simulation results
= sim start
= Lirm end

predictions

£onset Model

3000
N 2000

1000

0

3000}

2000

1000

1

e

Figure 2. Comparison of the simulation results (gray line) to the
predictions of our new model (yellow) and several other existing
models (blue, red, green). Shown are the radial profiles of inner
belt protons (L is a measure of radial distance in units of Earth
radius, Re) for cases of 25 and 100 MeV proton energies under
different magnetic field models. Kp is an index for the geomag-
netic activity level where Kp = 3 is a moderate storm and Kp = 6 is
a very strong storm.

85



fmom 1d3, g = 4l

W 400D ke

= 2O kmys

= D ke

Figure 3. The fates of the debris ions launched in the simula-
tion. Debris ions may be lost to the atmosphere (blue areas) or
lost outside the simulation box (orange areas). Debris ions which
remain trapped on the field lines are indicated in gray. Shown
are results for varying initial debris ion velocity (500, 2000, 4000
km/s), mass (m) and charge state (q). L is a measure of the radial
distance in units of Earth radius.
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10.1002/2014JA019864.
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Abstract

The liver is the largest internal human organ for metabo-
lism, detoxification and protein synthesis. It contains
complex microvascular architecture to sustain the high
demand of these biological functions. Reconstruction of
such an organ in vitro remains challenge in bioengineer-
ing. Such in vitro platform can be used to study of liver
disease and systemic detoxification. In this proposed
study, we utilized microfluidic technology to develop a
functional in vitro human liver organ. This in vitro organ
system performs normal in vivo liver metabolic and de-
toxification functions. The optimized platform provides
architectures for nutrient and gas exchange. It also al-
lows immune cells and endothelial cells to communicate
with liver tissues. The biocompatible hollow fiber net-
works in the device were used to simulate vasculature.
The internal lumen of hollow fibers supported vascular
endothelial cell growth to form mono-endothelium, and
selectively control the diffusion of secretory factors,
nutrients and waste. The external space of the hollow
fibers provided an essential support for hepatic cell
growth, organization, and differentiation. This resulted a
fully developed, functional liver organ.

Background and Research Objectives
Advances in tissue engineering and artificial organ sys-
tems are expected to have a major impact on drug dis-
covery, screening, and assessment of efficacy and safety,
and to facilitate basic research of cellular and subcel-
lular mechanisms. The ultimate potential of engineered
organs will be realized by more complex, powerful, and
integrated systems capable of recapitulating inter- and
intra-organ signaling and dynamics. Rational design and
development of in vitro predictive platforms that sup-
port multiple human organ constructs will allow for the
systematic, reproducible, and quantitative screening of
chemical and biological warfare agents (CBWAs), as well
as the pharmacokinetic and pharmacodynamic analysis
of medical countermeasures. We have engineered an
integrated liver organ platform by coupling microvascu-

lar systems using human cells, hollow fibers, and micro-
fluidic technologies (Figure 1). Our objective is using this
platform to recapitulate the biochemical and functional
activity of a human liver. This project will provide the
accurate simulation of spatial and functional complexity
of human liver, and will be amenable to rapid, high-
throughput analysis to allow for real-time monitoring of
organ viability and pathophysiology. The strength of our
approach is the use of multiple advanced technologies
to recapitulate the anatomical and functional character-
istics of liver organ.

Scientific Approach and Accomplishments
Constructing microfluidic and cartridge platforms: In this
study, we developed both small-scale (microfluidic plat-
form) (Figure 1) and large-scale hollow fiber cartridge-
based 3-dimensional (3D) liver organs with vascular
systems. Our reconstructed liver organ used a 3D hollow-
fiber scaffold to support vascular endothelium and liver
tissues by mass exchange and oxygenation to support
long-term growth and maintenance of normal hepatic
metabolic functions. In both of these systems, hollow-
fibers served as the capillary system (Figure 2). The
medium and endothelial cells were circulated through
the hollow fiber lumen by peristaltic pump. The shear
stress in the fiber was precisely controlled and relevant
to in vivo transmembrane pressures. Compared with
non-shear stress condition, we found that the integrated
endothelium was formed, and the biological functions
of vascular tissue were identical with in vivo condition
(Figure 3).

In these platforms, we reconstructed liver tissue in

the extracapillary of hollow fibers. The maintenance

of differentiated hepatocytic functions in the bioreac-
tor was demonstrated using primary human liver cells.
The primary human hepatocytes were used to provide
functional activity with low immune responses and have
good compatibility with vascular endothelial cells. We
have maintained the tissue for one month, and urea syn-
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thesis and P450 enzyme’s activities were stable (Figure 4).
These data suggest that these reconstructed liver tissues
can maintain their long-term performance, and can act as
alternative model to simulate the hepatocyte metabolism
in vivo.

Tissue validation: To evaluate the functional metabolic
activity of constructed liver tissues to toxic metabolites, we
measured trans-epithelial electric resistance, differentia-
tion markers, albumin and urea production, glucose con-
sumption, LDH release and cytochrome P450 enzymatic
activities. Our results suggested that both small and large-
scale liver platforms demonstrated similar normal hepatic
metabolic functions and detoxification activities.

Immune activities: Immune cells and inflammatory cy-
tokines played essential roles during acute liver injury or
liver inflammation. The release of chemotactic factors in
plasma will affect the vascular endothelial cells and recruit
immune cells. In the present study, we introduced human
peripheral blood mononuclear cells into the liver microvas-
cular system. B-naphthoflavone was used to initiate liver
injury. The cytokine profiles were evaluated using a cyto-
kine array study. We have demonstrated that proinflamma-
tory cytokines associated with macrophages and neutro-
phil activation was significantly increased. This immune
activation is similar to the in vivo situation.

In conclusion, our in vitro 3D liver organ system is similar in
functionality to human in vivo liver organ. It can be imple-
mented into a diverse range of clinical, biomedical, phar-
maceutical and toxicological applications for long-term
functional evaluation of chemical and biological warfare
agents. Further, the microfluidic capability established
during this study was used to develop other tissues, such
as a neuromuscular junction. We also utilized this technol-
ogy to develop other microfluidic related programs, such
as water treatment and radioactive material reduction.

Impact on National Missions

Many Department of Defense (DOD) agencies, including
Community Business Development Partners department
(CBDP), Defense Threat Reduction Agency (DTRA), and The
Joint Science and Technology Office for Chemical and Bio-
logical Defense (JSTO-CBD), are seeking innovative coun-
termeasure technologies for chemical and biological de-
fense. Within this area, one major goal is the development
of state-of-the-art rapid and effective in vitro toxicological
platforms to provide an early warning system, reduce and
eliminate the threat, and mitigate the effects of CBWAs.
To address these needs, our developed liver platform can
be used for CBWA toxicology evaluation during accidental
exposures and in terrorist attacks. This platform can detect
molecular biomarkers, liver metabolic responses, and

changes in liver physiology after threat agent exposure.
This tissue platform can also benefit a variety of biological
applications, from basic biological sensing to toxicological
testing and drug discovery. For biodefense purposes, we
envision this platform to be utilized for detection of poten-
tial toxic agents for ingestion exposure.

This work can support the Los Alamos National Laboratory
(LANL) threat reduction mission and creating viable exter-
nal funding opportunities. Combining with our skin and
lung tissue platform, we are using these complete in vitro
3D tissue/organs capability to develop proposals targeting
environmental and workplace exposure paradigms.

Microfluidic-based Iher platform (Small scale)

Cartridge-based Iver platform (Large scale)

Figure 1. in vitro liver organ devices: schematic drawing of
device design (Left); Microfluidic based-device (right top) and
cartridge based device

Figure 2. Hollow fibers used for reconstructing vascular tissue.
Hollow fibers with different sizes (Top left), cross section of hol-
low fiber and inner surface of fiber (bottom)
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Figure 3. Scanning electron microscope images of differentiated
vascular tissues: Top pannel: Differentiated monolayer vascular
endothelium; Bottom: High resolution of endothelium with single

cell.

Figure 4. Immunohistochemisty staining of differentiated liver
tissues

4 % DAP|

Publications
Gao, J.. Functional in vitro Biomimetic Human Liver for
Toxicological Study . To appear in Lap-on-a-Chip.

Gao, J., and S. Burchiel. incomplete publication data Geno-
toxic Mechanisms of PAH-induced Immunotixicity
Gao, J., and S. Burchiel. Genotoxic Mechanisms of
PAH-induced Immunotixicity. To appear in Molecular
Immunotocicology. Edited by Corsini, E. . To appear in
Molecular Immunotocicology. Edited by Corsini, E..

Gao, J., and S. Burchiel. Polycyclic Aromatic Hydrocarbons
and the Immune System . To appear in Encyclopedic
Reference of Immunotoxicology.
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Microfluidic Device

Babetta L. Marrone
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Introduction

Single cell analysis is needed for characterizing
heterogeneous populations, which is not only important
for most applications in the biosciences, but is
particularly critical for emergent industries like algae
biofuels and global public health. Single cell analysis
systems require integration of technologies for counting,
positioning, separating, sorting, characterizing, and
identifying single cells in a high-throughput manner.
Typically, these functions are accomplished using flow
cytometry and sorting in a laboratory setting, which
requires extensive sample preparation and fluorescent
labeling for sensitive detection. Although very effective
and highly specific, these approaches do not lend
themselves to modern needs in bioenergy or global
public health where cost, robustness, speed, and sample
throughput are as important as the measurements being
performed.

Microfluidics “lab on a chip” technologies hold great
promise for the future of single cell analysis in the field.
However, as instruments “shrink” it will also be essential
to simplify measurements. We will develop a new
approach for single cell analysis using impedance sensing
on a microfluidic device. We will: 1) Design and construct
a microfluidic-scale, impedance sensing device for
detection and manipulation of large numbers of single
biological particles based on intrinsic properties, without
the use of specific labels. 2) Develop new signatures

for distinguishing specific cells in context, based on
intrinsic properties obtained by impedance sensing; and
investigate the cellular sources of these responses. 3)
Apply the new approach to solve real-world problems

in biological detection using the model system of direct
quantification of biomass and lipid productivity during
algae cultivation for biofuel production.

The expected outcome of this project is a simplified
measurement modality and new set of signatures for
investigating and identifying biological particles in real

time. High-impact applications include monitoring
biofuel production, and other potential applications

in medical diagnostics, biomedical research,
pharmaceutical screening, toxicology, and environmental
science.

Benefit to National Security Missions

We will develop a new measurement modality and
new set of signatures for investigating and identifying
biological particles in real time for high-impact
applications in biofuel production, as well as medical
diagnostics, drug discovery and screening, toxicology
testing, and biomedical research. The greatest impact
of this simple, label-free, nondestructive approach is
that it can be implemented on small, low cost platforms,
thus enabling introduction of real-time sensing and
measurement technologies into new fields of bioenergy
and health care. The work has immediate applications
to DOE-EERE programs in renewable energy, replacing
petroleum-based fuels with fuel made from algae
feedstocks. The work will support automation of algae
cultivation systems for biofuel production. Automation
will save operating costs, optimizing growth and
harvesting schedules to reduce the overall cost of
biofuels production. The capability to design and test
lab-on-chip devices directly addresses mission needs

of the National Institutes of Health (NIH) and the
Department of Defense. Both agencies are actively
seeking to develop miniaturized sensor devices for
biomedical and biosecurity applications in support

of National and Global Security mission challenges.
Specifically, the work directly addresses translational
medicine and global public health missions of NIH by
providing a new approach for disease diagnostics that is
rapid, simple, and affordable.

Progress
Microfluidic Device Design and Fabrication
1. We are working towards optimizing the design of
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the impedance element using COMSOL multiphysics
software.

2. We have designed and built a series of soft lithography
impedance sensing devices. Coplanar electrodes
with width and spacing of 10-20um were found to be
unstable and debonded from the glass substrate in
about an hours time. A new electrode layering is being
implemented. PDMS channels of a variety of widths
(50um, 100um, 250um) and depths (25um, 40um,
100um) have also been tested with clogging occurring
in the narrow channels severely limiting the lifetime of
the device to circa one hour.

3. We are exploring etched glass substrates with opposed
side-wall electrodes, which are reported to be more
sensitive and more difficult to manufacture using a soft
lithography approach. The etched glass substrate may
provide a more robust device.

4. A commercially available impedance sensing device
has been purchased. This will allow comparison
to future devices designed and fabricated in our
laboratory.

Impedance Measurements

1. LabView based impedance sensing program was
developed and tested. This custom program allows
for high speed (thousand particles per second) and
multifrequency sample interrogation.

2. Installed a high speed camera and integrated it with
the LabView program. Cells that record an impedance
event are automatically imaged.

3. Stopped-flow impedance measurements of
polystyrene beads, algae cells, and media were
conducted.

4. We constrained the design and operating space of
the system, giving consideration to the particle sizes
and concentrations, the electrode widths, the sample
interrogation times, and the probability of particle
coincidences.

Cell Separator Devices

1. InYear 1, we demonstrated the ability to separate
E. coli bacteria from blood using a continuous flow
Surface Acoustic Wave (SAW) separation device.
Additional SAW separation devices are being designed
and constructed.

2. The acoustic force on a particle depends on its
diameter, density and compressibility. We will
continue to explore how these intrinsic characteristics
can be used to separate cells and measure single-
cell properties of interest. For example, independent
measurements of cell size, buoyancy, and stiffness
permits a cell’s responsiveness in an acoustic field to
be calculated by application of acoustic theory. These

properties are quite difficult to measure and are
typically performed using bulk suspensions. However,
the response of an individual cell to an acoustic field
(SAW) can be combined with individual cell images to
provide distributions of cell size and responsiveness,
and their correlations. The ability to access single-cell
properties such as responsiveness and size would
provide powerful new insights with implications for
rapid cell feature detection.

Computational Signature Extraction

We developed a computational approach to identify a
small set of intrinsic features that accurately predicted oil/
lipid content in algae. The software that we developed

is efficient and accurate and requires very little user

input. Data on 237 features were collected for 10,000-

cell samples from an imaging flow cytometer. Using an
innovative genetic algorithm, a set of 13 key features
were found to be most informative for quantifying lipid
accumulation in algal cells.

FY14 Achievements

Publication. Aj, Y., C. K Sanders, and B. L. Marrone.
Separation of E. coli bacteria from Peripheral Blood
Mononuclear Cells using Standing Surface Acoustic Waves.
Analytical Chemistry 85 (19): 9126-9134, 2013. (Web
availability: August 23, 2013; In Print: October 1, 2013).

Provisional Patent Application. Marrone, B. L., James E.
Coons, and Daniel M. Kalb. Manipulation and detection

of cells and droplets in microfluidic devices using Surface
Acoustic Waves (SAWS) and impedance sensing. S-129,407
/ LAD2012-055-1 (Provisional patent application filed April
16, 2014).

R&D100 Award Nomination. Marrone, B. L., Y. Aj, J. E.
Coons, and Team. “Cyto-AMP” Cell Acoustic Manipulation
Platform. Submitted May 9, 2014.

Oral Presentation. Munsky, B. L., S. Sellars, C. Sanders, and
B. L. Marrone. Automated Label-free Classification of Algal
Lipid Accumulation. 4th International Conference on Algal
Biomass, Biofuels, and Bioproducts. Santa Fe, NM June 18,
2014.

Invitation to Submit Manuscript. Special Issue of
Cytometry, Part A focused on Computational Data Analysis
of High Dimensional Cytometry Data. (manuscripts due
September 1, 2014).

Future Work
1. Continue to test and apply the prototype microfluidic
device that uses SAW (for focusing) and impedance
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sensing of cell properties.

2. Continue studies to identify intrinsic features of cells
that can be used as candidate signatures in biological
applications, using established methods (e.g. imaging
flow cytometry). Conclude algae lipid measurement
experiment. Work with imaging flow cytometer
companies to gain access to flow cytometry data from
clinical applications.

3. Explore classification strategies for simpler devices.
Apply advanced classification strategies to consider
nonlinear combinations and correlations of features.
Release public software for automated signature
identification.

4. Advance the develop the sorting feature of the
microfluidic device. Sort cells based on size and
another feature as measured without the use of labels
by impedance analysis or acoustic contrast. Confirm
the measurements by comparison to established
methods.

5. Continue to demonstrate the general applicability of
impedance sensing and acoustic cell manipulation in
new applications.

Conclusion

We will develop a device to measure and sort cells, based
on signatures which can be detected without labels; and
will demonstrate quantitative measurement performance
of this device to analyze cell size, lipid content, viability,
and other intrinsic features. We will also determine
physical cell features that result in impedance or acoustic
contrast differences between single cells. The outcome
of the project will pave the way for simple, label-free,
single cell analysis devices that can be used for many
applications, e.g. to automate real-time cell analysis

for algae biofuel production; or to bring cell diagnostic
capabilities into resource-limited areas of the world.

Publications

Ai, Y., C. K. Sanders, and B. L. Marrone. Separation of Esch-
erichia coli bacteria from Peripheral Blood Mononucle-
ar Cells (PBMC) using Standing Surface Acoustic Waves
(SSAW). 2013. Analytical Chemistry. 85 (19): 9126.

Marrone, B. L.. Flow cytometry in algae biofuels and by-
products research. Invited presentation at 4th Inter-
national Conference on Algal Biomass, Biofuels and
Bioproducts. (Santa Fe, NM, 15-18 June, 2014).

Marrone, B. L., Y. Ai, and J. E. Coons. Cyto-AMP Cell Acous-
tic Manipulation Platform. 2014. R&D 100 Award, 2013
Nomination LA-UR-14-21909.

Munsky, B., S. Sellars, C. Sanders, and B. L. Marrone. Auto-
mated label free classification of algal lipid accumula-

tion. Presented at 4th International Conference on Al-
gal Biomass, Biofuels and Bioproducts . (Santa Fe, NM,
15-18, June 2014).
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A New Hypothesis to Explain the Variability of the Outer Radiation Belt: Can we
Predict Post-storm Fluxes of Energetic Electrons Based only on Pre-storm Fluxes

of the Lower-energy Population?

Gregory S. Cunningham
20130297ER

Introduction

The primary goal of the proposed work is to test

the hypothesis that flux levels of mega-electronvolt
(MeV) electrons in the outer belt can be predicted on
an event-by-event basis solely as a consequence of
electromagnetic waves accelerating low-energy particles
that are convected in from the outer magnetosphere.
In order to conduct a test of this hypothesis, we need

a category of events for which fluxes of MeV electrons
in the outer belt are highly depleted so that we can
predict their buildup over time due to acceleration of a
low-energy source population. We have identified High-
Speed Streams (HSS) as meeting this need. Assuming
we have an initially-depleted state of the MeV electron
population in the outer belt, we must be able to predict
the time-evolving distribution of low-energy electrons
convected into the outer belt, since the low-energy
electrons are the source that will be accelerated to
higher energies through diffusion.

The Ring-Current Atmosphere interactions (RAM) code
will be used for this purpose, first for HSS events and
then for geomagnetic storms. It must be demonstrated
that RAM is predictive for HSS events, since RAM has
been primarily applied to storms. Finally, given the time-
dependent population of low-energy electrons, which
acts as a boundary condition for the 3D diffusion code,
we must be able to predict event-specific distributions of
the amplitude of the electromagnetic waves responsible
for diffusing the low-energy particles up to higher
energy. We will build an event-specific empirical wave
amplitude database using data from the soon-to-be-
launched Radiation Belt Storm Probes (RBSP) mission
that will, in its own right, result in considerable utility to
the magnetospheric science community.

Benefit to National Security Missions
This project will test the hypothesis that fluxes of
outer belt energetic electrons after geomagnetic

events can be predicted from knowledge of the low-
energy source population prior to the event and
electromagnetic wave distributions during the event.

In order to test the hypothesis, we will create a new
modeling capability that utilizes in-situ measurements
of the low-energy source population as a boundary
condition for a code that predicts the evolution of the
high-energy population. The hypothesis, if proved true,
will lay the groundwork for enabling forecasting of
space hazards due to energetic electrons in the outer
radiation belt hours to days in advance. Such a capability
would directly impact NASA’s goal to improve our
understanding of how the sun impacts the environment
in which satellites operate, e.g. the ‘Living With a Star’
program. The DOD, specifically the Air Force Weather
Agency, is tasked with alerting owners of national
security assets in space of impending hazards, and so
DOD will directly benefit. NOAA, specifically the Space
Weather Prediction Center, is tasked with alerting
owners of commercial space-based assets of impending
hazards in space, and so it will also directly benefit.
Finally, the DOE builds satellite instrumentation that is
hosted on satellites owned and/or operated by the DOD
and Intelligence Community. The owners/operators of
these satellites rely on predictions from AFWA/SWPC,
and hence will also benefit from such a capability.

Progress

During FY14, we successfully utilized an approach to
specify the global distribution of chorus waves using
precipitation of low-energy electrons as measured

by the NOAA POES constellation as a proxy, which is
calibrated against measurements of the waves made
by the Van Allen Probes. We also successfully utilized
the low-energy source population measured by the Van
Allen Probes as a boundary condition in our DREAM3D
diffusion code. The combination of measured low-
energy source population and global wave specification
allowed us to model a complex geomagnetic storm
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that occurred during October 2012, early in the Van Allen
Probes mission. Our code successfully modeled many
aspects of the storm, including the location of the peak in
phase space density (PSD), the size of the PSD peak, and
the timing of the acceleration. This work was presented
at the 2013 Fall AGU as one of 4 selected presentations in
a highly competitive session that received more than 60
submissions. The work was published in two articles that
appeared in a special issue of Geophysical Research Letters
on early important results from the Van Allen Probes
mission, was the subject of a NASA feature story on the
agency’s website, and also appeared in the April 2, 2014,
issue of LANL's Science Highlights.

Future Work

We will build event-specific wave models for the entire
duration of the Van Allen Probes mission rather than using
a statistical model.

We will run the DREAM3D code for all HSS events during
the life of the Van Allen Probes mission.

Incorporate event-specific plasma density measurements
made by the Van Allen Probes into the calculation of
diffusion coefficients, and use an uncertainty model for
the plasma density to quantify uncertainties on diffusion
coefficients.

Predict event-specific energization of MeV electrons, and
compute prediction efficiencies by comparing to data.

We will not be able to modify DREAM3D to permicomplex
(non-dipole) magnetic field configurations during Year 2, as
originally scheduled, due to the 8% budget cut.

Conclusion

We expect to prove, or disprove, the hypothesis that

it is the variability of the low-energy electron source
population which, when combined with geomagnetic
event-specific wave distributions, is responsible for the
variability of post-event high-energy electron fluxes. If
proven true, this hypothesis will lay the foundation for
predicting post-event high-energy electron fluxes hours
to days in advance, an important capability for protecting
space-based assets. If proven false, intermediate objectives
like producing an event-specific empirical wave database
will be of value to the scientific community.

Publications

Chen, Y., G. Reeves, R. Friedel, and G. S. Cunningham.
Global time-dependent chorus maps from low-Earth-
orbit electron precipitation and Van Allen Probes data.
2014. Geophysical Research Letters. 41 (5): 755.

Ripoll, J. F., J. M. Albert, and G. S. Cunningham. Electron
lifetimes from narrowband wave-particle interactions

within the plasmasphere. To appear in Journal of Geo-
physical Research-Space Physics.

Tu, W., G. S. Cunningham, Y. Chen, M. G. Henderson, E.
Camporeale, and G. D. Reeves. Modeling radiation belt
electron dynamics during GEM challenge intervals with
the DREAM3D diffusion model. 2013. Journal of Geo-
physical Research-Space Physics. 118 (10): 6197.

Tu, W,, G. S. Cunningham, Y. Chen, S. K. Morley, G. D.
Reeves, J. B. Blake, D. N. Baker, and H. Spence. Event-
specific chorus wave and electron seed population
models in DREAM3D using the Van Allen Probes. 2014.
Geophysical Research Letters. 41 (5): 1359.
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Karissa Y. Sanbonmatsu
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Introduction

RNA (ribonucleic acid) is DNA’s molecular cousin. RNA
is similar to DNA in composition; however it often
performs a function in the cell, unlike DNA, which is
considered solely an information carrier. In all living
systems, including humans and bacteria, the information
for the blue print of the organism resides in DNA. The
blue print is implemented by transferring the genetic
information from DNA to RNA. Next, the genetic
information is converted from the RNA into proteins,
which make up the structures of the cells and perform
the biochemistry.

RNA has long been thought to mainly serve as a
transferring medium, moving information from DNA to
proteins. However, in the past five years, it has been
found that the vast majority of the human genome
(more than 90%) is converted into RNA, but never gets
converted into proteins.

In the past two years, it has been found that much of
this RNA is in the form of long non-coding RNA (IncRNA,
or ‘link’ RNA). These gigantic RNAs do not ‘code’

for protein, but instead are thought have a function
themselves: turning on and off other genes. The RNAs
are often associated with epigenetics. Epigenetics has
exploded in the past five years and is closely related to
stem cell programming. In epigenetics, Larmarkian-like
effects occur, where the environment modifies, but does
not mutate DNA. These modifications are passed down
to future generations of organisms. For example, babies
undergoing extreme stress shortly after birth have an
altered stress response, which is passed down to the
grandchildren.

While many long RNAs have been found to be critical
for cancer, hereditary disease, brain function and
development, the mechanism of long RNA action is not
understood. We will perform the first ever structural
study of long RNAs to help determine their mechanism.

Benefit to National Security Missions

We will produce preliminary data for specific NIH calls
in cancer-related non-coding RNAs and several calls for
NIH’s epigenomics program for epigenetic mark discover,
including the role of noncoding RNAs in regulation of
transcription (Jerome Garcia). The project is directly
related to DARPAs CLIO Memory thrust, including “basic
research towards use of epigenetic systems to report
environmental events” (Cathy Cleland). It is indirectly
related to DOE BER Biological Systems Science “Low
dose radiobiology effects on epigenetic regulation”.

Progress

In the past fiscal year, we applied our structure
technique (shotgun secondary structure) to several
more long non-coding RNA systems. The first system is
COOLAIR, a canonical epigenetic switch in plants that
allows plants to flower only after prolonged exposure to
cold. The second system is Braveheart, a long non-coding
RNA that plays a key role in heart cell development.
The third system is Gas5, which is critical for hormone
signaling. To accomplish this, we transcribed the RNA
for each system, denatured the RNA, folded the RNA
and chemically probed the RNA. In chemical probing,

a special reagent is added that only reacts with

highly mobile nucleotides, allowing us to map which
nucleotides are base paired in double helices and

which nucleotides are single stranded. In this way, we
determined candidate secondary structures of the long
non-coding RNAs.

Future Work

In this fiscal year, we will finalize secondary structures of
(1) COOLAIR, a canonical epigenetic switch in plants that
allows plants to flower only after prolonged exposure to
cold, (2) Braveheart, a long non-coding RNA that plays a
key role in heart cell development, and (3) Gas5, which
is critical for hormone signaling. To accomplish this, we
will perform computational studies to eliminate possible
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secondary structure folds and produce the best RNA fold.
We will take steps to validate these folds in vivo. We will
start on a new system called HULC which is a long non-
coding RNA thought to interact with microRNAs. We will
also prepare complexes for preliminary 3-D studies.

Conclusion

Our goal is to perform the first structural study of long
non-coding RNAs (ribonucleic acids). The only example
of a large RNA complex whose 3-D structure has been
solved is the ribosome, which took 3 decades of work.
We will take the first step in structural studies of long
non-coding RNAs by determining the 2-D structure. For
large systems, 2-D structures are impossible to accurately
determine computationally due to the large number of
permutations and possible structures. We have devised a
novel experimental technique called SHOT-GUN structure
determination. We will use this to obtain the 2-D structure
experimentally.

Publications

Computational & Experimental Studies: Ribosomes, Ribo-
switches & Long non-coding RNAs. Invited presenta-
tion at Fourth Annual Summer Symposium on Cellular
Dynamics of Macromolecular Complexes. (Montreal,
May 2014).

Structural Studies of Intact LncRNAs in Plants and Mam-
mals. Invited presentation at Long non-coding RNAs:
Marching towards Mechanism Keystone meeting.
(Santa Fe, March 2014).

Hayes, R. L., J. K. Noel, P. C. Whitford, Mohanty, K. Y. San-
bonmatsu, and J. N. Onuchic. Reduced Model Captures
Mg2+ -RNA Interaction Free Energy of Riboswitches.
2014. BIOPHYSICAL JOURNAL. 106 (7): 1508.

Hennelly, S. P, I. V. Novikova, and K. Y. Sanbonmatsu. The
expression platform and the aptamer: cooperativity
between Mg2+ and ligand in the SAM-I riboswitch.
2013. NUCLEIC ACIDS RESEARCH. 41 (3): 1922.

Novikova, I. V., A. Dharap, S. P. Hennelly, and K. Y. Sanbon-
matsu. Shotgun secondary structure determination of
long non-coding RNAs. 2013. Methods. 63 (170): 1.

Novikova, I. V., S. P. Hennelly, C. S. Tung, and K. Y. San-
bonmatsu. Rise of the RNA machines: Exploring the
structure of long non-coding RNAs. 2013. Journal of
Molecular Biology. 425 (19): 3731.

Novikova, I. V., S. P. Hennelly, and K. Y. Sanbonmatsu. Do
IncRNAs have secondary and tertiary structure?. 2012.
RNA BIOLOGY. 9 (12): 1398.

Novikova, I. V., S. P. Hennelly, and K. Y. Sanbonmatsu. Struc-

tural architecture of the human long non-coding RNA,

steroid receptor RNA activator. 2012. NUCLEIC ACIDS
RESEARCH. 40 (11): 5034.

Novikova, I. V., S. P. Hennelly, and K. Y. Sanbonmatsu. Sizing
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Introduction

In this project we will develop Ultra Low Field (ULF)
Nuclear Magnetic Resonance (NMR) and Magnetic
Resonance Imaging (MRI) to simultaneously detect
changes in both water and carbon use of trees and

use this novel technique in targeted drought stress
experiments for building a comprehensive multi-scale
view of the role of carbon and water in plant mortality.
NMR and MRI are ubiquitous tools for non-invasive
studies of soft-tissue anatomy and function in medicine
and biology and their suitability to studying water
dynamics inside plants has been demonstrated. The
traditional techniques, however are difficult to use

in studies of trees because they require permanent
magnets of high magnetic field that limit detectable
sample size and shape restricting in vivo applications.
The major challenge of studies of tree physiology

and mortality is a lack of non-invasive methods to
detect water and carbon dynamics. These substances
travel through the plant along pressure gradients

and any invasive method will immediately change

the state of the system when applied. Therefore,
development of non-invasive methods capable of in
vivo measurements of plant function is essential for
advancing our understanding of plant function and
responses to climate. ULF NMR/MRI uses simple pulsed
electromagnets and optimized detection coils that
operate in room temperature using very low magnetic
fields; three orders of magnitude lower than traditional
NMR/MRI making this technique adaptable to natural
plant environment. The ULF NMR/MRI system is also
very light (~10lb) and coil size is adaptable to tree size
enabling measurements at several locations on a tree
simultaneously.

Benefit to National Security Missions
Understanding global climate change impacts and
feedbacks with terrestrial ecosystems is a critical mission
for DOE-SC-BER. Climate change and weather will affect

national security impacting also trade and transportation
as well as communication. Mechanistic understanding
of vegetation function during drought and mortality

is critical fundamental knowledge for prediction of
progress of global climate change via the interactions

of vegetation with climate. Forests store ~30% of fossil
fuel emissions, and forest mortality may release large
amounts of carbon dioxide to the atmosphere affecting
predictions of atmospheric carbon storage and effects of
fossil fuel use. Forest mortality and increasing drought
will also impact restoration of natural environments.
Currently, understanding the mechanisms of vegetation
mortality relies on unproven hypotheses because we
lack non-invasive, in vivo methods to study plant water
and carbon dynamics. The interaction of water and
carbon transport in plants is one of the fundamental
unresolved topics of plant biology. Improving our
understanding of carbon-water interactions inside plants
is critical for understanding controls of productivity
(photosynthesis) and material allocation as well as plant
water use. In addition to trees, the methods developed
in this project will be applicable to other type of plants
from crops to biofuel crops, and the fundamental
science results can be applied to improve renewable
food and energy resources.

Progress

In the past 12 months we have completed system
development for detection of water content changes

in plants. This includes the design and implementation
of next generation optimized field generation and
pulse sequence generation. We have conducted
measurements on living trees under drought

in greenhouse conditions as well as calibration
measurements in controlled temperature chambers for
tackling the temperature sensitivity of the system. Based
on these experiments we have developed a thorough
understanding on how varying temperature affects our
NMR signal and developed a model for correcting for

97



temperature variation. This work placed us to the point
where we can start using the NMR system for real plant
studies. We have begun these experiments according to
the plan by first using the NMR system for understanding
progress of hydraulic failure. We have detected decreasing
water content in trees under drought in greenhouse
conditions. To verify bubble formation in the tree trunks
that would lead to hydraulic failure during drought, and
to understand how bubble formation shows in our NMR
signal we have conducted studies on aspen branches
where we induced bubble formation using a surfactant,
and verified existence of bubbles with x-ray tomography.

We have prepared and submitted a manuscript on the
NMR system to Reviews of Scientific Instruments and
are preparing another manuscript on the temperature
correction model and its implications on signal
interpretation in plant studies to be submitted to a plant
journal such as Plant, Cell and Environment.

Future Work

The goal of the next fiscal year is to use the Ultra Low
Field (ULF) Nuclear Magnetic Resonance (NMR) in for
studying tree drought mortality and the role of water

and carbon dynamics in tree mortality in a greenhouse
environment. We will also continue developing Magnetic
Resonance Imaging (MRI) of water content changes and
NMR detection of carbohydrates. In the experiments we
will use manipulative methods such as surfactants and
tree girdling to promote hydraulic failure and carbon
starvation to determine the link between hydraulic failure
and carbohydrate availability. We will use ULF-NMR for
detection of changes in water dynamics together with well-
established plant physiological methods (gas exchange, sap
flow, tissue water content).

Conclusion

Our technical goal is to develop Ultra Low Field (ULF)
Nuclear Magnetic Resonance (NMR) and Magnetic
Resonance Imaging (MRI) to accurately quantify water and
carbon dynamics inside a tree in natural environments.
Our science goal is to use ULF NMR/MRI to determine the
roles and interactions of water and carbon cycling in tree
drought mortality. Currently plant physiology and mortality
studies lack non-invasive, in vivo methods. Our new
technique will provide the key parameters and insights for
mechanistic modeling of plant mortality, which is critical
for understanding climate impacts and feedbacks on
vegetation.
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Introduction

The Las Conchas wildfire surprised everyone when

it unexpectedly burned over 35,000 acres in less

than 7 hours during its first night even though it was
burning downhill in sparse vegetation and under

mild wind conditions. One theory for this peculiar
behavior is that a particulate-laden portion of the
fire-induced pyrocumulus (pyro-cu) column collapsed,
and unleashed a symbiotic density current/fire front
that incinerated everything in its path. However the
precipitating phenomenology of these events is not
understood. LANL’s coupled fire/atmosphere model,
FIRETEC, will be used in three tandem efforts and will
focus on fundamental process. These initial foci are:
1) assuring that the coupled fire/atmosphere code,
HIGRAD/FIRETEC adequately captures the interaction
between winds and plumes, 2) deciphering potential
causes strong down drafts of down slope density
current, and 3) understanding the interactions between
a density current and a fire front. The final goal is to
better understand key aspects of the coupled fire/
atmosphere interaction that occurred in the first night
of the Las Conchas fire and identify what combined
fire/atmosphere dynamics could have lead to the
unexpected observed fire behavior. Such an effort has
never before been possible due to computational cost
and complexity of process interactions, but LANL's
R&D 100 award-winning HIGRAD/FIRETEC is being
reformulated to take advantage of LANL's new High
Performance Computing (HPC) machines.

Benefit to National Security Missions

This work will establish the capability to perform
much larger coupled wildfire simulations and enable
wildfire risk assessment across the DOE complex.
This work increases LANL's unique capacity to study
coupled fire/atmosphere phenomena in realistically
complex environments and supports the USDA Forest
Service (USDA FS) wildfire research and management

missions. This work will position LANL to serve a larger
research role and to assume direct relevance to the

fire management sector of the USDA FS. Pyro-cumulus
columns inject significant amounts of particulate high in
the atmosphere and thus have significant impacts on the
atmosphere’s radiation balance.

Understanding pyro-cumulus dynamics, conditions
leading to collapse, and the effects of resulting density
currents on fire behavior is crucial for elucidating the
fire-related effects from an urban nuclear event (on US
soil or elsewhere). In this setting, density currents would
be channeled by street canyons, thereby focusing the
kinetic and thermal energy and potentially increasing
damage by an order of magnitude. LANL has ongoing
activities in support of DHS, STRATCOM, and DTRA to
understand damage and lives at risk from an urban
conflagration that could likely result in a pyro-cumulus
collapse.

Progress

Non-dimensional large-scale plume characterization: A
novel non-dimensional analysis of the well-known non-
buoyant jet-in-a-crossflow (JICF) was completed and is
being extended to large-scale wildland fire plumes with
and eye on producing useful characterization metrics
applicable to managers in the field.

Non-dimensionalization of the governing equations for
the JICF yields a velocity ratio, and Reynolds number
dependence for many of the plume characteristics
associated with the resultant plume height, fluxes, and
mixing characteristics..

Non-dimensionalization of the Navier Stokes equations
via the buoyancy term reveals the convective Froude
number and Reynolds number emerging as the key
independent parameters. The convective Froude
number in equations for a heated plume the atmosphere
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is analogous to the vertical vs ambient velocity ratio in the
simple NB-JICF case, suggesting a similar non-dimensional

characterization of plume height, mixing, and fluxes can be
pursued.

Density-current fire interaction: Progress has been made in
the initial exploration of the interaction between a density
current and wildfires. This preliminary analysis is the

first exploration into this topic that includes the two-way
coupled fire behavior and it leverages previous HIGRAD
efforts focused on dust storms on Mars and density-
current magnitude estimates from above-mentioned
plume dynamics explorations.

Initial results show that the cross-stream vorticity and
reverse velocity gradient near the head of the density
intensity the fire spread and intensity. These results
highlight the importance of three-dimensional interactions
between fire and winds

This analysis, which included surface grass fires and canopy
fires in Ponderosa pine, suggests that the vegetation
structure has significant impacts on the coupling between
the density current and the fire intensification due to its
impacts on the near-surface.

Mountain wave-fire interaction: Another topic that

has emerged as a key focal point of this project is the
effect of mountain waves on wild fire and any major
related phenomena such as pyrocumulus. The area
where Las Conchas Fire occurred is surrounded by highly
mountainous topography and is subject to the influence
of strong change in flow conditions due to mountains.
When the atmosphere is stably stratified and the ambient
environmental conditions are such that strong nonlinear
mountain waves develop and break, the downstream

of major mountains can suffer from gusty or turbulent
winds due to downslope windstorm phenomenon and
rotors, respectively. If collocated, wild fire can evolve very
differently from the case without the mountain influence.
The fire can spread much faster due to the mountain-
induced gusty winds along the downstream direction or in
opposite (upstream) direction due to turbulence-induced
rotors, which will be a serious threat to fire fighters. The
HIGRAD model has been used to simulate mountain
waves properly in order to investigate the combined
effect of mountain waves and fire. Preliminary results
strongly suggest that the mountain wave is sensitive

to the direction of winds impinging on the mountains

and strongly change the characteristics of simulated

fire. Further simulations are under way in order to
systematically investigate this initial finding, also in context
of pyrocumulus columns.

Theoretical and Numerical Multi-phase Model
Development: The development of an expression for
virtual potential temperature for an air parcel carrying
soot was completed. This equation uses soot loading in
the same way that water vapor is used in the common
definition of virtual potential temperature. This soot
model was then implemented in HIGRAD, along with an
additional conservation equation for soot mass fraction.

In order to derive this equation, soot was represented by
C60, commonly referred to as fullerene or Bucky balls. Itis
assumed that the soot molecules in a control volume have
a large enough mean free path that they do not interact
with one another. As long as the soot concentration, gs,

< 0.1, then the soot can be treated as part of an ideal gas
mixture in the virtual potential temperature equation.
The derivation uses Dalton’s law of partial pressures to
represent the different species in the mixture.

Future Work

The research will proceed with two foci: 1) understanding
the coupled fire/plume/atmosphere/topography
interactions leading to pyro-cu down drafts; and 2) the
interaction of the resulting density current with wildfire
behavior.

To capture the coupled fire/atmosphere behavior at high
resolution (2-20 m), represent realistic length-scales (100s
of meters to km), and avoid adverse impacts of numerical
boundaries, one of the initial tasks will be to reformulate
the Monte Carlo radiation and parallel input/output data
exchange so that fully coupled fire/atmosphere simulations
can be performed on the large domains required for this
study.

The interaction between atmospheric mountain waves and
fire behavior is becoming a primary focus of this work as it
appears that there were mountain waves occurring during
the first evening of the Las Conchas fire. The interaction
between mountain waves and wildfires will be done
through simulations using both idealized and realistic wind
patterns.

The effects of a range of soot concentrations will
continue to be evaluated in order to determine their
implications and importance. In the event that plume
dynamics are highly sensitive to soot concentration, this
important finding would dictate a critical need for new
instrumentation to accurately assess this hazard.

Initial wildfire acceleration and intensification as the
leading edge of the density current reaches and passes
through the fire will be studied over flat, sloping, and
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canyon topographies. These simulations will highlight

the importance of: 1) the pressure gradient across the
leading edge of the density current; 2) the uplifting vertical
velocities ahead of the current; and 3) the sustained
accelerated winds within the current.

Conclusion

Fire behavior experts have suggested one viable
hypothesis for the fire behavior during the first night

of the Las Conchas fire: strong down drafts associated
with the soot-laden pyrocumulus column (pyro-cu) that
towered above the fire, causing a sustained density current
carrying fire at high rates of speed. The proposed research
will test this hypothesis, and decipher the combination

of environmental conditions and fire behavior dynamics
that enabled such an event. The insight provided by

this research will help fire managers to identify pyro-cu
collapse risk scenarios and to implement possible life-
saving emergency actions if one occurs.
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Introduction

A strategic priority of the U.S. Department of Energy

is the cleanup of a multitude of sites across the

Nation that contain subsurface contamination with
radionuclides from legacy waste accumulated over

five decades of nuclear activities during the Cold

War. Given the daunting volume scales of soil and
groundwater contamination with uranium and

toxic heavy metals at low concentrations, in-situ
bioremediation by microorganisms has been greatly
regarded as a promising approach to cost-effective,
viable technologies for environmental decontamination.
This biological approach is based on the established
fact that some bacteria contain specific multi-heme,
c-type cytochromes that can catalyze the reduction of
uranium from its soluble form in oxidation state U(VI) to
its insoluble U(IV) state as uraninite (UO,). However, this
reaction takes weeks to reach equilibrium and leads to
incomplete reductions of uranium(VI) in contaminated
sediments. Moreover, the use of sacrificial electron
donors in bioremediation is impractical and promotes
deactivation due to the competing re-oxidation by the
reversible activity of sacrificial agents.

A major bottleneck for further advances in the
derivation of effective technologies to address this
grand challenge is the missing knowledge about the
reaction mechanisms and their specific metal-binding
interactions. Therefore, the overarching goal of our
proposed research is the development of improved,
bioengineered enzymes as biocatalysts toward the
efficient and selective bioremediation of nuclear waste.

We will achieve this high-impact objective through

an interdisciplinary application of our combined
capabilities in biological and physicochemical sciences.
Our research efforts were designed to address a

critical environmental/health challenge of immediate
national concern as well as to create new capabilities of
relevance to current and emerging Laboratory missions

in this direction.

Benefit to National Security Missions

This research supports the above missions by
providing advancements toward the environmental
decontamination and cleanup of nuclear waste. A

key component of this research that underpins core
missions in national security and stewardship is the
development of new capabilities and knowledge

about the physicochemical behavior of actinides/
radionuclides. This project also ties directly into the
LANL/LDRD Grand Challenge “Complex Biological
Systems” (specifically “to resolve national challenges in
energy, health and environment” as well as “biological
interactions and metabolic patterns that control
ecosystem functions”). The importance and urgent
needs for basic science to enable bioremediation
technologies have been recognized and stimulated by
several DOE initiatives, especially through the Office of
Biological and Environmental Research. In addition to
DOE, this research has high relevance to NNSA, DoD, and
DHHS (NIH) programs. With underlying themes related
to (bio)sensing/detection of radionuclides or toxic
substances, nuclear forensics, molecular bioelectronics,
and bioenergy, the outcomes of our proposed R&D
may naturally lead to ties into programs within DHS,
Intelligence Agencies, DoD (DARPA, DTRA, ONR), and
DOE (BES, ARPA-E) among some of the identified
agencies/programs.

Progress

One of the most important milestones reached in

the first phase of the project was the successful
implementation of the new preparative methods and
bio-analytical techniques needed for the expression,
isolation, purification, and structural characterization of
our uranium-reducing biocatalyst. Producing the tetra-
heme reductase D. desulfuricans cytochrome c3 (Cyt
c3) at the target qualitative and quantitative levels was
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a particularly significant accomplishment because multi-
heme cytochromes are generally more difficult to express
correctly, since co-factors are needed to enable the
proteins to obtain their native fold. In Cyt c3, four hemes
must be attached via thioether linkages to the polypeptide
chain at the CXX(XX)CH binding sites, and the correct
distal axial ligands must be connected to the metal center
(trivalent iron) in the nascent protein. In our approaches
involving E. coli recombinant expression, specific
molecular assembly proteins were required for these
critical interactions to form properly. Among the achieved
improvements in the expression of Cyt c3, the pC3

plasmid carrying the Cyt c3 gene was co-expressed with
the pEC86 plasmid carrying genes of helper maturation
proteins. Other systematic changes have also led to further
optimizations towards high yields, especially strategies
involving auto-induction and temperature effects. We
have found that auto-induction processes allow for control
over amounts of media and supplements for bacteria
growth to high densities prior to protein expression.
Another key finding was that decreasing the typical growth
temperatures, which causes bacteria to grow slower,
presumably allowed the protein more time to properly fold
into its native form. Following expression, the protocols
for extraction, purification, and analysis of Cyt ¢3 have also
been implemented and applied, from which the products
have purified/analyzed by ion-exchange chromatographic
column (Sepharose), gel electrophoresis (SDS-PAGE),
Coomassie/heme staining, absorption spectroscopy
(UV-Vis and IR), and electrochemistry (cyclic and pulse
voltammetries).

As our target application requires surface immobilization
of the biocatalyst, we have also generated Cyt c3 tagged
with histidines (His-tag Cyt c3) so that it can be tethered
to functionalized electrodes for in-situ electrocatalytic
reduction of uranium. To this end, a twelve-histidine
residue was placed at the C-terminal of the protein, with a
cleavage site (TEV protease) introduced between protein
and His-tag to provide us with the flexibility of cleaving
the tags and obtain the wild-type Cyt c3 from this same
derivative. Following purification via Ni-NTA column, we
have begun to structurally and functionally characterize
this new His-tag Cyt c3 construct. Measurements by far-Uv
circular dichroism (CD) showed that this construct is well-
folded and has retained its helical structure. Importantly,
our spectroscopic and electrochemical characterizations
in aqueous solutions as well as immobilized as electrode
films clearly indicate that His-tagging had no negative
impact on either the structural stability or the redox
potentials of the heme sites (-0.55 to -0.60 V vs Ag/AgCl),
consequently retaining the reductase activity of Cyt c3.
Since medium effects can play an important role in the

treatment of uranium samples in complex environments,
we are now applying our in-situ spectroelectrochemical
techniques not only to probe structure/function-property
relationships as a function of the multiple oxidation states
of Cyt c3 but also as a function of pH, temperature, and
ionic composition and strength. Furthermore, these
methods combining interfacial bioelectrochemistry and
UV-Vis-IR optical spectroscopies have begun to prove
their powerfulness in developing an elucidation of
reaction mechanisms for the complex catalytic U(VI)/U(IV)
reduction by Cyt c3 and derivatives. Along with these
synergistic tasks involving structure-function relationships
and mechanistic redox characterizations, the ability to
finely manipulate Cyt c3 by our underway site mutations
will allow us both to understand and to rationally re-design
our biocatalyst with improved efficiency and reactivity
towards multielectron uranium-reductase activity.

Overall, our project efforts are on track. In addition to
a successful first-year review, our progress to date has
already resulted in at least two publications in preparation.

Future Work

With our capabilities established and methodologies
successfully proven for both wild-type and His-tagged

Cyt c3, we are currently working on our planned studies
of Cyt ¢3 mutants by site-directed mutagenesis in order

to understand the nature of biocatalyst-uranium binding
and thus engineer optimizations for increased selectivity/
affinity towards hexavalent uranium. The mobile uranyl
dication (UO, 2+) is a linear dioxo species that prefers

to coordinate up to six donor ligands in the equatorial
plan. Uranyl-protein motifs show that binding typically
occurs through carboxyl groups such as in aspartate and
glutamate. In addition, hydrogen bonds between uranyl
and backbone amide groups are predicted to enhance the
metal-protein interaction. Therefore, we plan to substitute
the binding pocket of Cyt c3 (in the regions of lysine 14 and
56) with glutamate/aspartate residues to enhance specific
binding and identify structural features that are essential
to uranium reduction.

Also, with our interfacial chemistries validated for surface
modifications and biocatalyst immobilization onto
electrodes, we can now design and fabricate “biofilm
reactors” for the detection and processing of uranium
reduction. This is an ideal strategy for restoration of
contaminated groundwater because it allows for the
removal and recovery of precipitated contaminant

from the subsurface by physical deposition of a

stable precipitate on the electrode — a technically and
economically viable approach that can be directly applied
to remediation technologies.
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Conclusion

By seeking the understanding and application of chemical
principles underlying the multi-electron reductase
activity of cytochromes c3, our research can lead to high-
impact contributions to the permanent environmental
bioremediation of radionuclides and toxic metals.
Through interdisciplinary application of biological and
physicochemical capabilities, we strive toward advances
of fundamental and practical importance for enabling the
development of improved, bioengineered radionuclide-
reducing systems to efficiently address the problem

of incomplete reduction and recovery of uranium(Vl)
wastes. In addition to health/environment sciences

and radionuclide (bio)chemistry, this project has a high
potential for impact in areas such as nuclear forensics,
(bio)sensing/detection, and bioenergy.
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Introduction

This project addresses our current lack of knowledge

of structure and function of membrane proteins and
large protein assemblies by developing and applying
novel Nuclear Magnetic Resonance (NMR) and stable
isotope labeling methods to determine their solution
structures. The limited spectral resolution of traditional
multi-dimensional NMR experiments, coupled to
magnetization losses due to fast relaxation in large
proteins, presently limits the size of biomolecules
suitable for NMR spectroscopy to <50 kDa for high
resolution structures. We will address these critical
shortcomings by developing new solution NMR methods
and isotope labeling schemes to produce the largest de
novo NMR solution structures to date of a large, flexible
protein complex (132 kDa) and a membrane-embedded
system (74 kDa).

The innovative aspect of this research lies in the
interactive use of specific, site-selective isotope
labeling and optimization of NMR methods for this
specific labeling scheme. We will improve existing and
develop new NMR methods applicable to solution
structure determination of large protein complexes and
membrane proteins by selective stable isotope labeling.
We will design selective isotope labeling patterns

and synthesize selectively labeled amino acids and
metabolic precursors for protein labeling in vitro and in
vivo. These methods will be applied to obtain the NMR
solution structures of a 132 kDa protein complex and a
membrane-inserted permease of 74 kDa. These will be
the largest structures ever determined by NMR and will
place LANL at the forefront of modern structural biology.

The results will provide new, unique, and exciting
information about large, complex systems involved
in synthesis of bioactive compounds (antibiotics,
anti-cancer drugs, virulence factors, toxins, etc.) and
development of antibiotic resistance, leading to their
manipulation and subsequent production of new

therapeutics and drugs. The potential impact of this
research is vast.

Benefit to National Security Missions
Knowledge of the structures and mechanisms of both
large proteins and their complexes and membrane-
bound proteins is critical to our understanding of

and intervention in processes as varied as antibiotic
resistance and biosynthesis, biofuels production,

and disease development (Parkinson’s, Alzheimer’s,
diabetes, etc.). This project is directly related to LANL’s
missions in Global Security, Biothreat Reduction, and
Energy Security, and success of this project will open
the structural biology field to the detailed mechanistic
studies of large protein complexes and membrane-
bound proteins involved in the above as well as many
other processes placing LANL at the forefront of the
field. Leveraging the results obtained here with LANL's
synthetic stable isotope capabilities, will open funding
areas from NIH, DTRA and DOE. Program managers in
Global Security (Kirsten McCabe) and DOE (BES/BER) will
be informed of the results of our research so that future
funding for these efforts can be developed.

Results obtained from this project will allow intervention
into systems related to antibiotic resistance and toxin
synthesis, leading to further research into development
of new antimicrobials, inhibitors of efflux pumps and
mechanism of membrane protein action relevant to
multiple disease states. This relates directly to Biological
Weapons and Defense and Pathogen Detection and
Countermeasures. As such, this research is of potential
high relevance to DOE, DOD and DHHS. It will also lead
to discovery and innovation in Fundamental Chemistry
(syntheses with stable isotopes) and Fundamental
Bioscience.

Progress

During the past 12 months of the project, we continued
development of new NMR (Nuclear Magnetic
Resonance) pulse sequences, implementation of data
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handling protocols and synthesis of further isotopically
labeled amino acids.

For data acquisition and handling we have performed
further tests of Non-Uniform Sampling (NUS) schemes
based on Iterative Soft Threshold (IST) reconstruction
algorithms to determine minimum number of data
points in multidimensional experiments that allow

for faithful reconstruction. The method will allow us

to reduce experimental time 4-fold for 3-dimensional
NMR experiments and 10-20-fold for 4-dimensional
experiments. Final tests will be performed on selectively
labeled large proteins once they are produced from
labeled amino acids.

We have also made further significant progress towards
selective amino acid labeling for large proteins. For
optimal NMR performance, all amino acids will have
amino nitrogens labeled with N-15 and a-carbons labeled
with C-13 and deuterated. The carbonyl carbons will be
unlabeled and the side chains will have C-13 labeled and
protonated carbons alternating with unlabeled deuterated
carbons. A common precursor to these amino acids is [2-
13C, 15N, 2H]-glycine attached to a chiral auxiliary synthon
(2,10-camphorsultam). We have synthesized further large
quantities of 2-13C-bromoacetic acid and [2-13C, 15N]-
glycine. Following protection of both nitrogen and carboxyl
groups of glycine, it was deuterated to produce a common
precursor for all amino acids. While some cleavage of
protecting groups was observed during deuteration, the
deprotected glycine was recovered from reaction for re-
use.

We have synthesized additional amino acids with desired
labeling patterns. In a previous review period we obtained
glycine, alanine, aspartic acid and tyrosine. We added to
this list glutamic acid, serine, threonine, proline, valine
and leucine. Syntheses of remaining amino acids are

in progress. The most complex task is the synthesis of
tryptophan aromatic ring. To keep the synthetic part of the
project on track to be finished by the end of 2014, we have
decided to initially synthesize tryptophan with backbone
labeling only and to revisit the ring synthesis at a later
stage. This will have no impact on structure determination
part of the project. Overall, chemical synthesis of amino
acids is well on track.

For metabolic labeling of proteins, we have cloned the
gene for the small protein, ubiquitin (76 amino acids)

into E. coli hosts. Expression of this protein under various
labeling conditions will allow us to monitor incorporation
of isotopes at specific positions in amino acids, since NMR
spectra for ubiquitin are well resolved and characterized.
We have performed growth in the presence of labeled

glycerol and labeled pyruvate. Analysis of produced
ubiquitin showed significant scrambling of all isotopes
leading us to conclude that metabolic labeling using
these precursors will not be acceptable for NMR of large
proteins. We have also performed cell growth in minimal
media supplemented with labeled glycine (which we
synthesized). Analysis of isotope incorporation in the
protein shows that for this approach to be successful we
will need to judiciously incorporate inhibitors of amino
acid synthesis into growth media to accomplish desired
labeling. Further experiments are in progress.

To this end, expression of proteins of interest in cell-free
systems has been investigated. We successfully synthesized
catalytic (C) and activation (A) domains of enterobactin
synthase using an E. coli based cell-free system. This
system will be used for production of proteins for NMR
studies using selectively labeled amino acids.

For the NMR methods development part of the project, we
have modified and tested recently developed 3D TROSY-
hNCAnH and 3D TROSY-hN(CO)CAnH NMR experiments

by converting them to double-TROSY versions for further
increased sensitivity in large proteins. We are actively
working on modifications and optimization of the Time-
Shared 3D-HSQC-NOESY experiment, which is being
extended to a 4D pulse sequence with 13C phase shifts
allowing for unambiguous identification of cross-peaks and
determination of distance constraints.

Future Work
During the last year of the project we will perform the
following tasks.

1. We will perform final optimization of recently
developed 3D double-TROSY-hNCAnH and Time-Shared
3D HSQC-NOESY NMR experiments for selectively
labeled amino acids on samples of large proteins
(>49kDa molecular weight) synthesized using in vitro
expression system. To dramatically reduce acquisition
time, we will incorporate non-uniform sampling (NUS)
data reconstruction algorithms. Experimental time will
be reduced by an order of magnitude, with improved
sensitivity.

2. The Time-Shared 4D-HSQC-NOESY with 13C phase
shifts allowing for unambiguous identification of cross-
peaks and determination of distance constraints will
also be optimized for labeled proteins. Here too we
will use and optimize the NUS scheme in combination
with coupled read-out and excitation TROSY for
maximum sensitivity and resolution. This will increase
spectral resolution, and will also simplify resonance
assighments.
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3. We will finish syntheses of all specifically labeled
amino acids in the first two-three months of FY15
and progress to in vitro synthesis of labeled proteins.
We will use Escherichia coli based cell-free system
developed and tested in house to produce specifically
labeled condensation, carrier and activation domains
of the peptide synthetase complex and also produce
samples of membrane inserted permease. We will
combine the domains to form a soluble protein
complex. These samples will be used for NMR
structure determination.

4. We will collect all necessary NMR data for structure
determination of the synthetase protein complex using
classical and our newly developed NMR experiments,
obtain distance constraints and calculate the structure
of this complex. We will also collect and process all
NMR data for the permease and begin structure
calculations for the permease as well.

Conclusion

We will improve existing and develop new NMR methods
generally applicable to solution structure determination
of large protein complexes and membrane proteins by
selective stable isotope labeling. We will design selective
isotope labeling patterns and synthesize selectively
labeled amino acids and metabolic precursors for protein
labeling in vitro and in vivo. These methods will be applied
to obtain the solution structures of a 132 kDa protein
complex and a membrane-inserted permease of 74 kDa.
These will be the largest structures ever determined

by NMR and will place LANL at the forefront of modern
structural biology.
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Redox Active Catalysts for C-C Coupling Reactions Relevant to Renewable Energy

John C. Gordon
20130672ER

Introduction

An effort to upgrade derivatives of glycerol (essentially
a waste molecule produced on a huge scale as a result
of biodiesel production) for the synthesis of fuels
precursors and higher value chemicals, and to do it
using well-defined, inexpensive catalysts based on
earth abundant metals is a desirable goal. The research
outlined herein targets the development of inexpensive
catalysts, comprised of earth abundant metals,

which are capable of such biomass derived molecule
upgrading.

Precious metals are commonly used in catalysis due to
their ability to promote two-electron processes, such as
oxidative addition reactions. In contrast however, 1st-
row metals tend to undergo one-electron redox changes
or promote radical reactions, which has limited their
more general use in catalytic chemistries. The proposed
work will attempt to use redox active ligands capable

of conferring multi-electron redox behavior on cheap
and abundant metals, thus potentially applicable to
upgrading glycerol based derivatives.

Benefit to National Security Missions

The proposed work will advance our understanding of
the chemistry and chemical methods that directly bear
upon energy security. Success in this area would seed
the development of future approaches to more efficient
chemistries, potentially providing a bridge from basic
science to global scale energy solutions.

This project provides an opportunity for our team to
collect results in this high profile area of renewable
energy. Results from this exploratory work should
prove invaluable in obtaining potential future funding
from organizations such as DOE Office of Basic Energy
Sciences (Catalysis Science) and DOE Office of Energy
Efficiency and Renewable Energy.

Progress

The concomitant rise in global energy demands and
growing concerns over climate change have spurred
interest in the development of both alternative energy
sources and less-expensive synthetic methods for
high-value chemical feedstocks. In this regard, the
development of novel methods for biomass conversion,
specifically those designed for the coupling of three-
carbon carbonyl molecules derived from glycerol into
six (or higher)-carbon containing molecules represents a
potential route for both fuel and fine-chemical synthesis
from a readily-available and inexpensive precursor.
Pinacol couplings are ideal reactions for the coupling

of carbonyl-containing molecules. Typical reductants
utilized for pinacol couplings include sodium, zinc,
manganese, magnesium and aluminum metals, as well
as transition metals such as vanadium and titanium, and
lanthanides such as samarium and cerium. However, no
efficient catalytic variant of pinacol coupling has been
developed.

Our approach to the homocoupling of glycerol
derivatives involves the use of iron centers supported by
ligands that possess redox reactivity. The ability of redox
active ligands to function as an electron ‘sink’ has been
shown to facilitate multi-electron catalytic processes,
and the use of iron catalysts with redox active ligands
will participate in the two-electron reductive chemistry
required for pinacol coupling.

Our first efforts towards pinacol couplings with
redox-active metal complexes have centered on iron-
containing catalysts. We have synthesized a new iron
complex containing a redox-active ligand and begun
reactivity studies establishing the ability of the reduced
iron complexes to affect the homocoupling of ketonic
substrates. Electrochemical experiments of this iron
complex reveal two successive one-electron reductive
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processes; comparison with the cyclic voltammetry data

of the redox-active ligand suggests that the first reduction
occurs on the iron center while the second reduction is
largely ligand-based. Exposure of the iron complex to
chemical reductants in the presence of an appropriate
ligand results in the two-electron reduced iron species.
Computational and spectroscopic studies aimed at
elucidating the electronic structure of the iron complex are
underway.

Studies aimed at both stoichiometric and catalytic pinacol
couplings with various substrates are in process as well.
Exposure of the reduced redox-active iron complex to

a slight excess of ketones such as benzophenone and
acetone results in rapid formation of the anticipated
pinacol products as confirmed by proton- and carbon-13
NMR spectroscopy. Encouraged by the pinacol coupling
observed under stoichiometric conditions, we are currently
screening catalytic conditions for pinacol coupling

using both test substrates, such as benzophenone,
acetophenone, and benzaldehyde, and biomass derived
substrates, such as crotonaldehyde and acetone. We

are also currently evaluating other iron complexes with
different ligand scaffolds for this chemistry, as well as
examining the mechanism by which the pinacol coupling
occurs.

Future Work

We will continue to computationally screen existing ligands
suitable for desired redox chemistries and attempt to
make iron complexes supported by these. We will also
design, prepare and synthesize other promising new redox
active ligand systems. If successful in new ligand synthesis,
we will synthesize and characterize new iron complexes
derived from these scaffolds and test their redox
chemistries with standard organic substrates that will serve
as models for the biomass derived molecules. We will also
move towards screening bio-derived substrates containing
ketonic fragments for their ability to undergo desired
chemistries.

Conclusion

Developing earth abundant metal-catalyzed processes

to effect the low cost conversion of biomass derived
feedstocks remains a challenge in the field of energy
related chemistry. In part this is due to the inability of
first row transition metals to participate in multi-electron
redox processes. Success in this project would not only
lead to a more fundamental mechanistic understanding of
C-C coupling reactions with traditional organic substrates
using these classes of metals, but also has the potential
to convert species derived from a large scale waste by-

product of biodiesel (glycerol) into potentially useful fuel

precursors and other chemical feedstocks.
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Novel Chemical Architectures for Supercapacitor Electrolytes: Comparing In Situ
Scattering Measurements to Theory and Simulation

Cynthia F. Welch
20130681ER

Introduction

We aim to increase the energy storage density in
supercapacitors, a family of devices well suited to the
intermittent power generation associated with many
renewable sources. We propose that tailoring the size
and shape of the electrolyte in supercapacitors to match
the electrode surface geometry will lead to enhanced
energy densities, forming our central hypothesis. This
hypothesis leads us to consider several nano-structured
organic electrolytes (NOEs) as candidates for use in
supercapacitors, as well as to study their behavior

near and in the electrode pores. The novelty of our
project lies in optimizing the electrolyte rather than the
electrode. Many key questions about the behavior of the
electrolytes in the harsh environments near electrodes
must be answered for progress to be made. Our access
to unique electrochemical sample cells that allow us

to probe the in situ behavior of the electrolyte near
electrode surfaces and our recent theoretical advances
for the proposed electrolyte class provide the key
enabling developments.

Thus, we have four major goals:

1. Produce multi-scale descriptions of the NOE
materials in device settings

2. Discover the physical principles directing their spatial
distribution in heterogeneous media

3. Explore their non-equilibrium route to this
distribution upon charging/discharging the device

4. Encapsulate in quantitative expressions the physics
dictating their performance

Benefit to National Security Missions

Many processes involved in manufacturing and
transporting goods suffer from inefficiencies due to
wasted energy. Similarly, many renewable energy
sources (such as wind and solar) yield only intermittent
electricity generation. We therefore require advanced
devices that quickly capture and release stored

energy. If their energy densities can be improved,
given that supercapacitors may deliver an order of
magnitude more power than chemical batteries, they
may dramatically improve the performance of dynamic
energy capture and reuse systems. Our project aims
to improve the energy densities of supercapacitors by
tailoring the size and shape of the electrolyte to match
the electrode surface geometry. Specifically, we will
explore certain dendritic chemistries, which possess

all of the key properties needed in a good electrolyte.
In addition, several aspects of their physical chemistry
recommend them for application in supercapacitors.
These characteristics include precisely controlled size
and shape, broad range of available sizes, high charge
densities, low viscosities at relevant concentrations, and
the ability to capture impurities.

Progress
Our goals for Year 2 of the project were as follows:

e Carry out Brownian dynamices (BD) simulations
on the coarse grained models (CGM) within the
Debye-Hiickel and implicit solvent approximations.
Examine the behavior of single and multiple
molecules in the neighborhood of surfaces with
different pore geometries. The surfaces will be
modeled as static particles arranged in the desired
topologies. Examine the behavior of blends of
dendrimer electrolyte species in the presence
of electric fields and model electrode surfaces.
Apply an external electric field and track the phase
separation of the two species.

e Using the information on the effective step length
obtained in Year 1, construct a field theoretical
model using the Edwards path integral formulation
to predict the localization of the individual
dendrimers onto various pore surface geometries.
Extend this approach to multiple molecules, solving
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for concentration within the pore. Compare the results
with the CGM modeling (1 above).

e Construct molecular dynamics (MD) models of
poly(amido amine) (PAMAM) dendrimers in aqueous
solutions to compare to the CGM and experimental
results. Continue quantum chemical stability studies
of PAMAM in an electric field; use these results to
introduce relevant fragmentation species into the MD
simulations.

e Devise an extension of the Ginzburg-Landau theory for
polymer blends to account for blends of the dendrimer
electrolytes in solution and in the presence of an
electric field.

e Experimentally challenge the simulations with
reflectivity experiments on flat electrodes.

Over the past 12 months, we have made progress on each
of the above goals, as detailed below:

We completed BD simulations of coarse-grained dendrimer
electrolytes placed between two flat electrodes, using
concentrations and electric field strengths relevant

to typical supercapacitor applications. This work was
published in ACS Macro Letters (Welch, P.M.; Welch, C.F,;
Henson, N.J., “Flattening of Dendrimers from Solutions
onto Charged Surfaces,” ACS Macro Letters 2014, 3,
180-184) and featured on the cover of that journal in the
February, 2014, issue. We are currently extending these
simulations to other electrode geometries, such as porous
electrodes.

The theoretical work used to extract an effective step
length for dendrimers in Year 1 was published in J.
Chemical Physics (Welch, P.M., “The Escape of a Charged
Dendrimer from an Oppositely Charged Planar Surface”, J.
Chem. Phys., 2013, 139, 164906). This parameter was then
used to compare the BD simulation results of (1) above to
a scaling theory that describes the behavior of dendrimer
electrolytes at flat electrode surfaces. Predictions from
the theory agree well with the simulations. Combined,

the simulations and scaling argument indicate that
simultaneous adsorption and compression at the interface
take place. We are currently extending this work to
construct a field theoretical model using the Edwards

path integral formulation to predict the localization of

the individual dendrimers onto various pore surface
geometries.

A post-doc was hired to spend a significant portion of

her time in performing the atomistic MD simulations and
quantum chemical stability studies. Though she has only
been at LANL for about a month thus far, she has already

begun these studies. In addition to a LANL Institutional
Computing allocation that we obtained in Year 1 for this
project, she will take advantage of CPU time awarded to
us from the Environmental Molecular Sciences Laboratory
at PNNL. The computationally intensive nature of these
studies will require that they be continued into FY15.

We have begun an extension of the Ginzburg-Landau
theory for polymer blends to account for blends of
dendrimers in the presence of an electric field. Due to the
FY14 LDRD budget cuts, this task will continue into FY15.

A in situ electrochemical cell was constructed and we
completed a set of neutron reflectivity experiments (on
the SPEAR beamline at LANSCE) to probe the behavior of
dendrimers at oppositely charged, flat electrode surfaces.
Though analysis of the data is still underway, the results
suggest that the dendrimers flatten in agreement with
the simulation and theory results mentioned in (1) and (2)
above. Due to a loss of beam during our scheduled time,
we will continue these experiments in FY 15.

Future Work

e Using theoretical developments of FY14, map the
information from the coarse-grained modeling (CGM)
simulations to parameterize the resulting Ginzburg-
Landau theory. Perform time-dependent Ginzburg-
Landau (TDGL) simulations of the blend with simple
surface boundaries and varying electric field strengths.

¢ Introduce multiple realistic (posts, polydisperse pores,
etc) electrode geometries into the TDGL simulations.
Calculate charge localization on the electrode surfaces
as a function of imposed electric field strength. Explore
similar CGM models at smaller scale.

e Explore the structure of the NOEs on realistic
electrodes, comparing against the simulations, with
small-angle neutron scattering.

e Measure capacitance of devices that combine
dendrimer electrolytes with electrodes of various
geometries (flat vs. porous, with different pore
geometries).

e Continue atomistic MD and quantum chemical stability
studies.

Conclusion

This project will produce: 1) A new set of theories for
predicting when specific NOEs will partition within pores
of various geometries; 2) A new theory for predicting how
the environmental parameters dictate the structure of the
multilayer arrangement of the NOEs near the electrode; 3)
A new theory detailing the dependence of capacitance on
the relationship between pore geometry and electrolyte
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shape; 4) A multi-scale simulation model of a class of
supercapacitor devices that may be used as the foundation
for a future program at LANL; 5) New insight into the
behavior of NOEs in complex environments.

Publications

Welch, P. M.. The escape of a charged dendrimer from an
oppositely charged planar surface. 2013. Journal of
Chemical Physics. 139: 164906.

Welch, P. M., C. F. Welch, and N. J. Henson. The flattening

of dendrimers from solutions onto charged surfaces.
2014. ACS Macro Letters. 3: 180.
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One-step Supercritical Fluid Extraction (SFE) and Separation of Rare Earths (RE)

Stephen L. Yarbro
20140186ER

Introduction

We propose to engineer and demonstrate a prototype
system that exploits the high solvent power of
supercritical carbon dioxide coupled with extractants

for lanthanide (rare earth) production. This approach
will dramatically simplify lanthanide processing and
separation. Essentially, in one-step, extract rare earth
elements directly from ore with a supercritical CO,
(SCCO,)/extractant mixture (typically tri-butyl phosphate
(TBP)) and adapt an aerodynamic isotope separation
method to separate the heavier elements from the
lighter elements while dissolved in the supercritical fluid.
Current production methods require complex equipment
and many steps such as dissolution, flotation, and
filtration, and washing, separation requiring hundreds

of separation stages, precipitation, and calcination.
Supercritical fluids are powerful solvents. Coupled

with the right extractants, the supercritical fluid can
selectively remove the lanthanide from the ore, and then
use an aerodynamic technique developed for isotope
separation to separate the lanthanides while still in the
homogeneous supercritical fluid. Aerodynamic methods
demonstrated for uranium isotope enrichment are
capable of effectively separating elements with weight
differences of a few atomic mass units. After separation,
reduce the pressure and recover the lanthanide

solids thereby eliminating the majority of the current
production steps along with the associated complexity,
cost, and waste.

Benefit to National Security Missions

In 2012, Congress commissioned a study on the defense
implications of China’s control of the rare earth supply
and the impact on US security. Congress is encouraging
DOD to develop a long-term strategy to identify
material weaknesses and vulnerabilities associated

with lanthanides and to protect long-term U.S. national
security interests. In addition, the Department of
Energy (DOE) Energy Efficiency and Renewable Energy

(EERE) Advanced Manufacturing Office is providing
$120M to fund a Critical Materials Hub focusing on
critical materials supply issues. A portion of their
mission is to enable new sources of critical materials

not now commercially viable, improve the economics

of processing existing sources, and identify new uses

for co-products and by-products that do not currently
contribute to the economics of materials production.
This mission integrates well with LANL's Materials for the
Future Science Pillar’s vision, “Pursuing the discovery
science and engineering required to establish design
principles, synthesis pathways, and manufacturing
processes ...”. We envision demonstrating the process on
lanthanides to build a relationship with EERE and then
extend the work to actinides to build programs related to
NA-22/24 and defense programs material issues.

Progress

This is a new start and the accomplishments over the
last 9 months will be summarized. The project will use
supercritical carbon dioxide with selected co-solvents
to selectively remove and separate lanthanides from
oxides and simulated ores. Once in solution, different
configuration of a centrifugal nozzle will be used to test
the feasibility of separating the lanthanides dissolved in
the dense gas phase with the co-solvents.

Accomplishments in FY 14 to date:

Extraction equipment

e Supercritical extraction unit has been procured and
set up in the lab

e The IWD is complete and ready for use

e The lab area has been organized and is ready for use

e Pressure safety reviews have been completed and
are ready for final approval

e Preliminary nozzle design has been completed and
a nozzle fabricated (using a 3-D printer) to use to
design modifications to the extraction equipment
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Modeling and solubility studies

e Preliminary 1-D model of the centrifugal nozzle fluid
dynamics has been developed

e Preliminary work evaluating thermodynamic models
for predicting solubility has been completed

e Procedure for synthesizing model ‘ore’ formulations
has been completed

Future Work

We will use commercially available “off-the-shelf” (COTS)
equipment to measure solubilities except for the nozzle
which will be fabricated in-house. In FY 14, we have
procured and set up a SFT-110 unit from Supercritical
Fluid Technologies and started solubility measurements.
The solubility tests provide the concentration data that

is an input to the simple nozzle separation model. We
are collaborating with the LANL Center for Integrated
Nanotechnologies (CINT) and their mico-fabrication
capability to build simple nozzles for testing. The project
has used their 3-D printing capability to fabricate a test
nozzle for developing modifications to the SFT-110 unit.
Essentially, there are two phases to the R&D plan: (1)
Measure lanthanide solubilities from a well-characterized
oxide substrate to develop the procedures and analytical
support, then measure lanthanide solubility from
simulated ore samples to get data on optimum operating
conditions and extractants. (2) Use the solubility data to
design and fabricate a simple nozzle device and with select
SCCO, streams, measure separation factors and validate
the CFD model.

In FY15, we plan on completing the solubility tests on
oxides and simulated ore solid substrates initiated in FY

14 and use the data to validate a thermodynamic model
with predictive capability. Separation testing with the
nozzle will be initiated and completed. The separation
factors for selected lanthanides will be measured and
compared to the 1-D nozzle model developed in FY14. The
combination of solubility data and thermodynamic model
and nozzle data with a simple separation model will enable
a economic and feasibility assessment to be completed for
the technology.

Conclusion

The expected result is a demonstration of a high-efficiency
dissolution and separation method for lanthanides, which
has potential for extracting and refining actinides and
other strategic metals. The product will be a demonstrated
method and a conceptual engineering design of a plant for
lanthanide recovery and purification.

Publications

Yarbro, S. L., R. M. Chamberlin, P. Martinez, L. Meyers, and
Q. McCulloch. Two-dimensional model of curved flow
with supercritical carbon dioxide in a diverging nozzle.
2014. Los Alamos National Laboratory unclassified re-
lease.

114



Complex Natural & Engineered Systems

Exploratory Research
Continuing Project

Deciphering the Algal Phycosphere

Armand E. Dichosa
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Introduction

Identifying the exact bacterial symbiotes and their
influence on algal biomass has yet to be accomplished.
The most ideal approach to dissect this complex
community is with GMDs and high-throughput flow
cytometry. Upon completion of this study, we will have
developed: (A) technologies to efficiently capture,
co-cultivate target cells, and analyze direct cell-cell
interactions; and (B) established a bioinformatic pipeline
for genomics and transcriptomics analyses. Ultimately,
this work can be broadly applied to other relevant
studies, including host-pathogen interactions and co-
evolution.

Our team will co-capture single algal and bacterial cells
into one gel microdroplet (GMD) and wrap each GMD
with growth media, thereby making microdroplets
(MDs). MDs will be incubated under defined growth
conditions. Using flow cytometry, each MD will be
iteratively analyzed to determine which algae-bacterial
pair demonstrates top-performing algal biomass. The
consistently top-performing algae will be isolated and
its associated bacterium identified using genomics.
Transcriptomics will also be done to determine the
interactions involved.

Benefit to National Security Missions

Our work is in direct support of the DOE mission

of energy security through promoting science and
technology that benefits renewable energy. As

algae are widely accepted as a viable source for our
country’s energy needs, significant work is warranted to
understand the basic biological processes that promote
(and prevent) algal biomass production. Specifically, our
work addresses this need to dissect and identify the
associated bacteria that influence algal growth. Such
fundamental understanding will greatly contribute to
improving algal growth in a commercial production
scale with greater efficiency (time, cost, and resources)

and lesser environmental impact (nitrogen or chemical
input).

Our work also contributes to the mission relevance of
scientific discovery and innovation through fundamental
bioscience. It is widely accepted that ~99% of
environmental bacteria (including human microbiome,
soil communities, etc.) cannot be grown as pure cultures
under laboratory settings. A basic premise is that we
cannot achieve the exact growth conditions as the native
environment in the lab and that specific bacteria are
required to signal growth. By using gel microdroplets
(GMDs) for co-cultivation with high-throughput

flow cytometry, we can greatly improve our current
understanding of bacterial growth and cell-to-cell
interactions, and their significance to our nation’s health,
ecology, and economy.

Furthermore, our work develops a novel pipeline in

both the wet-lab and bioinformatics fronts to specifically
investigate cell-to-cell interactions. Thus, the DHS,

NIH, and DHHS will benefit from our work as our novel
technology development can potentially address
host-pathogen interactions and co-evolution (e.g.,
endosymbiosis) investigations.

Progress

Capture of Target Cells

The capture of single cells in gel microdroplets (GMDs)
is random, based on the current protocol and existing
technology. This becomes a greater challenge when
attempting to capture a controlled number of target
cell species, which, for this study, is one algal cell with
<5 bacterial cells in a single GMD. To this end, we have
developed a modified protocol to reproducibly capture
a single algal cell in GMDs. Using a similar strategy,

we implemented a protocol to co-capture the algae-
associated bacterial cells (<5 cells) per GMD with one
algal cell.
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Generated MDs Using Microfluidics

A key component of our proposed work is to sequester
each GMD in microdroplets (MDs) comprised of
nanoliters of defined growth media, whereby each GMD
is @ microculture independent from other MDs, but
allows for thousands of simultaneous growth reactions
and subsequent high-throughput screening with flow
cytometry. To accomplish this goal, we tested several
microfluidic designs and reagents and have (a) developed
a droplet-generating microfluidics device to capture single
GMDs in MDs, (b) identified the ideal preparation steps to
generate stable MDs, such that each MD in the collection/
incubation chamber does not coalesce with neighboring
MDs during incubation for two weeks* (*which is more
than sufficient as we seek to cultivate for 3 — 5 days), (c)
determined that “cross-talk” between stable MDs does
not occur, thereby assuring that each algal-bacterial
interaction during growth within an MD remains separate,
and (d) demonstrated viable, algal growth within MDs.
Within this same scope, we have additionally investigated
“deterministic encapsulation” of the GMDs inside MDs

on the microfluidic platform, so that a higher fraction of
MDs containing a single GMD can be achieved. To this
end, we have developed multiple microfluidics platforms
to perform the focusing/ordering of GMDs that can lead
to deterministic encapsulation when conjugated with the
microfluidic droplet generator (see a).

Developed Mulitplexed Bacterial Phylotyping

To identify the specific bacteria associated with improved
algal biomass, we have implemented method(s) to

utilize next-generation sequencing at LANL to sequence
the bacterial 16S rDNA (~300 bp) necessary for rapid
phylotyping (i.e., taxonomic identification using a
molecular marker; the current standard is the 16S rRNA
gene) with a custom bioinformatics pipeline. This aspect
of our research is in the validation stages.

Identified Relevant Bacteria

A complementary component of our work is to isolate
and identify bacterial species that have a phenotypic
influence on algal growth using conventional, ‘low
throughput’ microbiology as a mitigation strategy. Our
isolation of bacteria from an algal production pond has
shown promising results when grown concurrently with
algae Chlorella. Among our finds was the isolation of the
bacterium Williamsia sp., which, when co-cultured with
Chlorella sorokiniana enhanced the growth of the algae
(compared to Chlorella grown without Williamsia sp.).
Consequently, the genome of this isolate was sequenced
and is currently being assembled for annotation and
analysis to inform mechanisms of interaction. Conversely,
a second isolate inhibited Chlorella growth when grown

in co-culture. This isolate is currently undergoing genome
sequencing for eventual assembly and annotations.

Future Work

Collecting and Cataloging Bacterial Candidates

Our team already has shown bacterial isolates to either

be beneficial (putative Williamsia sp.) or inhibitory
(bacterial identification TBD) to algal growth (Chlorella
sorokiniana), and these bacterial isolates are undergoing
genome sequencing and annotations. At present and
carrying on into FY15, we continue our efforts to sequester
and perform genomics on additional candidate bacterial
isolates of relevant significance to algal growth.

Conduct Co-culture Studies

Using bacteria native to an algal production pond system,
we will isolate the ideal number of representative bacteria
necessary to achieve co-capture of ~4 bacteria and one
algal cell per GMD. Because we have already identified the
relative quantities of each cell input to achieve this, our
team is poised to transition to our developed microfluidics
device to generate the MDs. We anticipate generating 105
— 106 MDs, which will be cultivated for ~2 [algal] growth
cycles.

Characterizing Top-performing Bacteria

After cultivation in MDs, we will utilize flow cytometry
to screen and isolate with high-throughput only the
GMDs with improved algal biomass (expected ~1%)

and the associated bacteria. These select GMDs will be
sorted individually into 96-well culture plates for further
cultivation. Each well indicating visible turbidity (i.e.,
bacterial growth) will be selected for further investigated
for their direct affect(s) on algal growth in axenic algal
cultures. Thus, the bacteria associated with algae
displaying accelerated growth or improved lipid production
by this method will be ideal candidates for subsequent
genome sequencing (Aim 2D, FY16).

Conclusion

We will identify growth-promoting bacteria in an algal
phycosphere (ecological area involving the bacteria

and algal interactions) that provide essential nutrients

for growth. Re-introduction of these same bacteria to
production ponds should improve algal biomass yields,
eliminate the additions of expensive vitamins, and reduce
nitrogen inputs. Post genome sequencing, species-specific
genetic markers will be identified for the tracking of
growth-promoting bacteria in algae production system.
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Intrinsically Disordered Proteins: New Tools for Old Controversies

James H. Werner
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Introduction

Far from being static 3D structures, many proteins are
substantially disordered and fluctuate dynamically
between a large range of conformations. Many of

these unstructured proteins fold into a more ordered
conformation when binding a well-structured target.
The exact manner in which this folding upon binding
occurs, however, is still open to substantial debate. One
reason for our lack of understanding of how intrinsically
disordered proteins (IDPs) fold upon binding a target

is due to a lack of experimental techniques capable of
monitoring the conformation of a single IDP protein
before, during, and after target binding. Here, we

are proposing to develop a new method capable of
monitoring individual intrinsically disordered proteins
before, during, and after binding to a target. Moreover,
we are applying this new, truly state of the art, method
to study a problem of substantial scientific and
programmatic interest: the method by which bacterial
DNA is protected during sporulation. This project aims to
study individual IDPs as they bind to and protect DNA in
live bacteria. These studies should shed substantial light
on the how IDP conformational dynamics influence their
binding behavior in real, live cell environments and may
lead to a better understanding of the molecular basis of
how bacterial DNA is protected during sporulation. In
addition, this work will substantially advance the state
of the art in fluorescence microscopy by developing the
first instrument capable of monitoring intra-molecular
conformational dynamics while simultaneously following
3D intra-cellular transport dynamics.

Benefit to National Security Missions
Spores of Bacillus and Clostidium species have long
been of interest due to their roles as agents of food-
borne disease, food spoilage and bioterrorism (e.g.
Bacillus anthracis). Small acid soluble proteins (SASPs)
play a major role in long-term spore survival and
bacterial persistence by protecting the spore DNA from

numerous physical and chemical damages. An enhanced
understanding the molecular basis of spore DNA
protection has the potential to lead to better eradication
strategies. In particular, DTRA has an emerging interest
in understanding and combating bacterial sporulation
as reflected in a recent HDTRA1-12-CHEM-BIO-BAA call
for multidisciplinary approaches to decontamination of
B. anthracis spores. We further note that a successful
demonstration of being able to simultaneously measure
intra-molecular conformational dynamics and intra-
cellular transport dynamics will position our team to
respond aggressively and competitively for several

NIH calls in single cell analysis (e.g. Single Cell Analysis
Common Fund).

Progress
In the past year, we have made substantial progress to
the goals of this research project.

On the instrument development side, we have expanded
our 3D tracking microscope from 4 detectors to 8
detectors such that we can have 4 probe volumes

for both a “red” and a “green” detection channels.
These modifications have been completed for both

the hardware and the software. We note the software
modifications required a substantial amount of
modifications to the existing 4 detector tracking system.

As of June of 2014, we are now ready to begin aligning
the instrument and track objects that emit both red

and green fluorescence emission, with our first tracking
targets and alignment tools to be red and green
guantum dots we have bound together by chemical
means. Another potential tracking target is DNA labeled
with two organic fluorophores (Alexa 488 and Alexa 594)
at either end. We have synthesized this DNA sample
and have characterized the energy transfer between the
dye pairs by standard fluorimetry and by fluorescence
lifetime measurements. This sample will be used to
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optimize tracking parameters prior to work on intrinsically
disordered proteins (which are more expensive and not
suited to routine optical alignment).

As far as protein expression is concerned, we have

been growing and optimizing the conditions for culture
and harvesting the small acid soluble protein (SASP)
from Bacillus subtilis. While our yields have been lower
than more conventional, folded proteins, we anticipate
soon having enough sample for standard ensemble
characterization methods (infra-red spectroscopy and
circular dichroism) of these proteins in the presence

and absence of a DNA binding partner. We have also
ordered the DNA plasmids needed to express double
cysteine mutants of this SASP protein, which will follow
the studies of the native (non-cysteine mutant) samples.
These cysteine mutants will be fluorescently labeled with
a fluorescent donor (Alexa 488) and acceptor (Alexa 596)
dye pair for fluorescence resonant energy (FRET) studies of
protein conformation and binding.

Future Work

¢ Fully align microscope for two color tracking

¢ Make the changes to the tracking microscope to
observe two different colors while tracking

e Begin protein expression, labeling, and purification
of the small acid soluble protein (SASP) SspC from B.
subtilis

e Study binding of dye-labeled SspC to DNA by circular
dichroism (permuting label locations as needed)

¢ Begin studying SASP conformation in solution by 3D
Tracking smFRET

Conclusion

We will develop a method capable of simultaneous
measurement of intra-molecular conformational dynamics
with intra-cellular transport dynamics. This will be a
broadly applicable tool for a large number of problems

in cell biology, defining and expanding the state of the

art in fluorescence microscopy. Moreover, we will use

this new method to study the conformation of individual
intrinsically disordered proteins before and after binding

a DNA target both in solution and in live cells. These
measurements will experimentally determine which of two
classic models (induced-fit or conformational selection)
better describes protein folding upon binding.
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Introduction

The goal of the proposed research is to develop,
implement, and apply new theoretical and
computational capabilities for including external
electromagnetic field interactions in reactive scattering
calculations of cold and ultra-cold molecular collisions.
These new capabilities will be applied to several
important molecular systems of experimental interest to
demonstrate the potential for controlling the dynamics
and most importantly the outcome of cold and ultra-
cold molecular collisions including elastic, inelastic, and
reactive channels. Recent rapid experimental progress
in cooling, trapping, and colliding cold molecules

has opened up this new and exciting, unexplored
energy regime which is ripe for new discoveries and
technological applications. Due to their unprecedented
sensitivity, cold and ultra-cold molecular collisions are
especially amendable to control by external electric and
magnetic fields and recent experiments have begun to
demonstrate this possibility. The control of molecular
collisions has been a long sought goal with many
important fundamental and technological applications
including: synthesis of specific molecular species

of interest, quantum computation, sensing, testing
fundamental laws of physics, elucidating quantum
enhanced reaction mechanisms (i.e., due to tunneling/
resonances), investigating the role of non-adiabatic
effects, and providing detailed information on molecular
structure and intermolecular interaction potentials.
The proposed research will develop and implement
new capabilities into the already unique LANL
quantum reactive scattering code to include external
electromagnetic field interactions and to perform first-
ever benchmark calculations on several important cold
molecular collision systems including: LiNa + LiNa, Li +
HF, Li + CaH, and OH + O. We expect to demonstrate
remarkable control of the collision outcomes for each
of these systems which will lead to new experimental
studies and discoveries. These calculations will also
lead to new fundamental insight into the mechanisms

associated with quantum enhanced reaction dynamics
including non-adiabatic coupling effects such as the
geometric (Berry) phase.

Benefit to National Security Missions

The proposed research will develop new fundamental
capabilities in modeling and simulation which will enable
the thorough investigation of molecular collisions and
chemical reactions in the new unexplored cold energy
regime. In addition, the proposed work will also lay

the foundation for several potential technological
applications based on cold molecules including a new
framework for realizing quantum computing, the
development of sensors with unprecedented sensitivity,
enable new tests of fundamental symmetries, and the
synthesis of specific molecular species and materials
with novel properties. The control of cold molecular
collisions will also enable the formation of dense
ensembles of cold molecules relevant for studying

new exotic states of condensed matter and quantum
phases. Fundamental understanding and reaction cross
section calculations of cold molecular collisions are also
important in astrophysics models for the interstellar
medium and molecular clouds. Relevant agencies
include DOE's office of Basic Energy Sciences, NASA,
and the Offices of Army and Naval research. Recently,
the Army Research Office (ARO) has recognized the
importance of this new area of research and has
launched a major MURI experimental effort “Quantized
Chemical Reactions of Ultracold Molecules” within the
university community.

Progress

e Completed the quantum reactive scattering
calculations for the O + OH -> H + O_2 reaction
at cold and ultra-cold collision energies which
include geometric (Berry) phase effects (due
to non-adiabatic coupling between the nuclear
and electronic motions). Performed numerous
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convergence studies with respect to the basis set size,
propagation distance, number of coupled channels,
and other parameters. A large number of sensitivity
studies were also performed with respect to the
potential energy surface in order to help elucidate

the possible role that quantum resonances play in

the geometric phase effects. Baseline calculations
which do not include the geometric phase were also
performed for comparison. The geometric phase was
found to alter the ultra-cold reaction probability by up
to two orders of magnitude and must be included in
order to predict the correct experimentally observable
cross sections. These calculations are “first ever”
benchmark calculations and the large geometric phase
effect found at ultra-cold collision energies represents
a major discovery in the field of ultra-cold physics.
These results are being prepared for publication in
either Physical Review Letters or Science.

¢ Implemented a Scalapack (parallel) version of the log-
derivative propagator for the asymptotic propagation
using Delves channel basis functions.

¢ Implemented and benchmarked a GPU (parallel)
version of the computationally intensive matrix-vector-
multiply routine. These new capabilities (#2 and #3)
enable the solution of an unprecedented large number
of coupled channel equations which is needed for
including electromagnetic field interactions in the
scattering calculations.

e Completed the derivation and numerical
implementation of the coupling matrix elements due
to external electric fields. The testing and validation
of the new computer codes which include these
couplings are underway for the Li + HF system.

¢ Continued active collaboration with Professor
Balakrishnan (UNLV) on ultra-cold molecular collisions.
Mentored a new UNLV postdoc Jisha Hazara in
learning how to perform quantum reactive scattering
calculations for the O + OH and Li + LiYb systems.

Future Work

¢ Finalize the geometric (Berry) phase calculations for
the O + OH reaction by including several values of
total angular momentum (to verify convergence with
respect to the partial wave sum). Prepare and submit
manuscript for publication in Physical Review Letters or
Science (during Fall/Winter FY15).

¢ Implement a GPU (parallel) version of the linear-solver
in the log-derivative solution of the coupled-channel
equations (during Fall/Winter FY15).

e Perform quantum reactive scattering calculations
including external electric field interactions for the
Li + HF system at ultra-cold energies. Demonstrate
electric field control of the reaction outcome. Prepare

manuscript for publication (Winter/Spring FY15).

¢ Implement external magnetic field interactions and
perform additional scattering calculations and control
demonstrations for the Li + HF system (Spring/Summer
FY15). Prepare results for publication. The Li + HF
calculations will validate the new electromagnetic field
interactions recently added to the LANL APH3D code
against previously published results as well as extend
them to new higher collision energies. These will be
first ever benchmark calculations and are expected to
have high impact within the cold-physics community.

e Perform scattering calculations for the LiNa + LiNa
system including external electric fields and investigate
stereodynamic control of the outcome (Summer
FY15). Prepare results for publication. The LiNa
calculations will be first-ever benchmark calculations
demonstrating stereodynamic control using external
electric fields.

e Present results of the O + OH and Li + HF calculations
during the 46th annual meeting of the Division of
Atomic, Molecular and Optical Physics of the American
Physical Society (June 2015).

e Continue active collaboration with Professor
Balakrishnan (UNLV) and postdoc Jisha Hazara (UNLV)
on ultra-cold molecular collisions.

Conclusion

The results of this work will revolutionize the field of
cold and ultra-cold physics by enabling an efficient
treatment of full-dimensional 3-body reactive scattering
collisions up through the cold temperature regime
including electromagnetic field interactions. We expect
to demonstrate control of cold molecular collisions and
chemical reactions for several experimentally relevant
molecular systems. Since the cold energy regime is
essentially unexplored, all of the proposed calculations
using this new capability have significant potential for new
discoveries and applications.

Publications

Kendrick, B. K., J. Hazra, and N. Balakrishnan. Geometric
phase effects on ultracold chemistry. : In preparation
for Physical Review Letters, Science, or Nature Physics.

Makrides, C., J. Hazra, G. B. Pradhan, A. Petrov, B. K. Ken-
drick, T. Gonzalez-Lezana, N. Balakrishnan, and S.
Kotochigova. Ultracold chemistry with alkali-metal-
rare-earth molecules. Submitted to: The Journal of
Chemical Physics.

Pradhan, G. B., N. Balakrishnan, and B. K. Kendrick. Quan-
tum dynamics of O( 1 D)+D 2 reaction: isotope and vi-
brational excitation effects. 2014. Journal of Physics B:
Atomic, Molecular and Optical Physics. 47 (135202): 1.

120



Complex Natural & Engineered Systems

Exploratory Research
Continuing Project

Multi-scale Probabilistic Resuspension Modeling of Spores and Radionuclides

from Outdoor Surfaces

Michael J. Brown
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Introduction

Small micron-sized radiological, biological, and/or
heavy-metal-laden particles deposited on urban and
rural surfaces during a nuclear or industrial accident, a
terrorist attack, or inadvertently as a waste by-product
can be resuspended into the air from wind gusts and
result in harmful exposures to the population over

large areas and long time periods. Particle adhesion

to surfaces and the resultant resuspension process is
poorly understood, however. Based on assessment

of controlled experiments with spherical particles,
researchers could not predict the resuspension rate to
within a factor of £10 and experiments using a biological
agent resulted in resuspension rates of up to 1000 times
larger than predicted by current theories. This means
that current predictive capabilities would not be able

to quantify the amount of particles lofted into the air
with enough accuracy to determine if the resuspension
event was extremely hazardous or not of any concern
whatsoever. This uncertainty is a result of a combination
of the difficultly in accurately measure particle adhesion,
prior focus on idealized spherical particles and smooth
surfaces, the lack of bio-agent specific measurements,
the inadequacy of current theories for accounting for the
sheltering effect of rough surfaces on the aerodynamic
lift and drag forces on a small particle, the inherent
stochasticity of the adhesion, lift, and drag forces, and
the confounding effect of humidity and moisture on
adhesion.

This investigation into the fundamental science of
resuspension of different particle morphologies from
a wide range of surfaces crosses the boundaries

of adhesion science and fluid mechanics, and

covers a wide range of scales (from nanometers to
meters). The resultant algorithms and experimental
measurements will improve the resuspension and
health risk assessments of those in the bio-terrorism
and radiological assessment communities, as well as
those working on wind erosion, dust storm, riverine

sedimentology, and clean room applications.

Benefit to National Security Missions
Resuspension of hazardous biological agents and
radionuclide particles deposited on indoor and outdoor
surfaces plays a role in numerous fields within LANL's
national security mission, including counter-terrorism,
nuclear power plant safety, plutonium storage, clean-up
and remediation, and environmental risk assessment.
The resuspension models developed and experimental
data collected during this project will be of great interest
to DoD, DHS, EPA and intel agencies looking at bio,

dirty bomb, and nuclear fallout after-effects, as well

as internally at the lab for environmental remediation
purposes. There is concern that after a CBR dispersal
event that subsequent resuspension could cause
significant health effects long after the initial event and
complicate clean up efforts. This work will also apply to
wind erosion, dust storm, riverine sedimentology, and
clean room applications.

Progress

Significant progress has been made on particle
resuspension theory and model development. A first
generation probabilistic particle resuspension model
(PPRM) was coded up following Reeks and Hall (2001)
by post-doc Scott Speckart for spherical particles over
smooth surfaces. This code accounts for the turbulent
variations in the winds and the wide range of adhesion
forces found in nature, allowing for plausibly realistic
estimates of spherical particle resuspension from
smooth surfaces. Additionally, following the direct
numerical simulation analyses of Zhang et al. (2013),
the model was modified to include more accurate non-
Gaussian probability distributions for the aerodynamic
lift forces. Scott then developed a particle sheltering
algorithm so that the 2nd generation PPRM works over
rough surfaces, i.e., surface asperities block the wind so
that fewer micron-scale particles are lifted into the air.
To our knowledge this is the first-of-its-kind probablistic
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model that can be used over rough surfaces (note that
most environmental surfaces are considered “rough”). A
first draft of a particle resuspension review paper for the
plume modeling community was completed. A second
journal paper describing the new particle resuspension
model with particle sheltering due to large-scale roughness
is underway.

Experimentally, the Center for Integrated Nanotechnology
(CINT) team has employed Atomic Force Spectroscopy
(AFS) to measure adhesion forces between cantilever
probes and surfaces. Initial experimentation has focused
on calibration of instrumentation and methodology and
hiring key personnel to continue the work. In order to
measure adhesion forces between particles and surfaces
of interest, we are performing atomic force spectroscopy
utilizing an Asylum MFP-3D Stand Alone Atomic Force
Microscope (AFM). It is the ultimate goal of this proposal
to perform measurements between actual biological
samples and natural surfaces, however it is firstly
important to calibrate our system by measuring forces
between known particles and surfaces in a controlled
environment in order to 1) compare to previous literature
values and; 2) generate a calibration file from which it is
possible to interpret results of actual samples. Thus we
have focused on performing calibrated measurements
between, for example, Silicon Nitride AFM cantilevers
and silicon calibration grids. The AFM topography
imaging measurements provide a height section profile
demonstrating the sub-nanometer vertical resolution
attainable. We have begun collecting force-curves
produced at a single position by lowering the AFM probe
to the surface and pulling the probe away. By taking
such measurements over an entire area we have been
able to generate an adhesion force map. These results
demonstrate the utility of force mapping via AFS for our
proposed work. Accurate measurements rely on proper
calibration of each cantilever as the adhesion forces
measured are dependent upon the accurate measurement
of the spring constant of each cantilever (which we are
able to perform using our AFM setup).

While we are initially using pre-loaded cantilevers with
attached polymeric and glass beads, it is necessary that we
have the ability to also attach our own particles of interest
as desired. Thus, we are utilizing a micro-manipulator
within the CINT clean room to generate our own probes

of interest with desired particles and eventually biological
molecules. Initial attempts at adding microspheres to
cantilevers are underway. We have also made a key hire in
the form of Matt Rush, a graduate student from UNM with
a background in Mechanical Engineering and experience in
AFM and AFS. He is now working fulltime on the project

and has made great progress in continuing calibration and
refinement of our system.

Future Work

e  Fully calibrate Atomic Force Spectroscopy (AFS)
system and methodology; and perform adhesion
measurements of known materials and compare
results to both literature values and values obtained
via other methods (e.g. sedimentation through
centrifugation) that will also be performed by
our team. This will ensure confidence in our
measurements.

e Perform validation study of second generation
probabilistic particle resuspension model (PPRM)
combined with first-year AFM-derived adhesion force
distributions for “classical” laboratory-scale spherical
particle-smooth surface resuspension experiments.

e Produce third generation probabilistic particle
resuspension model (PPRM) to account for impact
of capillary forces on particle adhesion (i.e., from
humidity and moisture). It is known that moisture
can result in a water bridge between the particle and
surface, significantly increasing adhesion (and reducing
resuspension), but the details of when it becomes
important is not understood.

e Conduct Atomic Force Microscopy (AFM) adhesion
force measurements to characterize probability
distribution as a function of asperity roughness height,
spacing, particle diameter, and relative humidity.

e Utilize humidity-dependent AFM adhesion force
distributions in the 3rd generation PPRM model.
Perhaps derive simple expressions for adhesion
force pdf as a function of surface, particle asperity
characteristics, and relative humidity.

e Conduct AFM nanoscale surface-asperity
characterization measurements. This is key for
understanding and confirming different models of the
particle-surface adhesion force distribution, as well as
the nature of the capillary force.

e Begin producing nano-fabricated surfaces and
spherical particles with controlled well-defined nano-
scale properties. This will allow us to control and
isolate parameters that influence adhesion, likely
resulting in a better theoretical understanding of the
adhesion force between particle and surface.

e Publish journal paper on PPRM with particle sheltering

capability.

e Publish conference and journal papers on AFM
measurements.

Conclusion

The main goals of the proposed research activity are to:
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1) develop “universal” particle resuspension equations
that correctly account for adhesion and the quasi-random
nature of resuspension and are valid for both rough and
smooth surfaces, spherical and non-spherical particles,
and dry and humid environments; and 2) to fill in the
measurements gap for the mean adhesion force and its
probability distribution through first-of-their-kind adhesive
force measurements with Atomic Force Microscopy (AFM)
using a) nanofabricated particles and surfaces and b) “real”
particles (spherical and non-spherical, smooth and rough,
biological spores with and without appendages) and “real”
urban and rural surfaces.

Publications

Brambilla, S., S. Speckart, and M. Brown. Review: Forces
governing particle resuspension for plume dispersion
modeling applications. 2014. To be submitted to Atmo-
spheric Environment. 2nd Draft. .

Brambilla, S., S. Speckart, and M. Brown. A review: Quanti-
fication of particle resuspension for plume dispersion
modeling applications. 2014. To be submitted to Atmo-
spheric Environment. 1st Draft..

Rush, M., P. Adams, and G. Montano. Colloid probe fabrica-
tion and calibration. 2014. In preparation. To be sub-
mitted to Review of Scientific Instruments..

Speckart, S., S. Brambilla, and M. Brown. Investigation of
utilizing theoretical particle resuspension models for
rough atmospheric surfaces . 2014. To be submitted to
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Introduction

Acceleration of charged particles as they interact with
“collisionless shocks” is a widespread phenomenon
occurring across the entire universe. Unlike the
well-known collisional hydrodynamic shocks, in the
collisionless shocks the particle collision time is much
larger than the particle transit time through the shock.
This astrophysical phenomenon occurs regularly in the
cosmos, for example, at supernova shocks, during fast
coronal mass ejection from the sun forming solar-wind
shocks and at the planetary bow shocks. A particular
type of electromagnetic plasma instability known

as Weibel instability is believed to be the dominant
mechanism behind the formation of these collisionless
shocks in the cosmos. Weibel instability leads to an
exponentially growing magnetic field arising from

the electromagnetic micro turbulences in initially
unmagnetized or weakly magnetized plasmas present
in the vicinity of gamma ray burst sources, supernovae
and galactic cosmic rays. How these magnetic fields
are generated and what are their structures, which
dissipation mechanism is dominant, which physical
processes lead to shock formation, and how particles

are accelerated in these shocks remain open questions.

Apart from indirect spacecraft observations, there is
no direct observation to date of collisionless shocks
mediated by Weibel instability. Here we propose (1)
first direct observation of Weibel instability mediated
collisionless shocks in laboratory plasmas using ultra-
intense lasers and (2) observe the evolution of Weibel
instability leading to strong magnetic fields up to

few hundred GigaGauss in the plasma using ultrafast
proton deflectometry. This will enable us to study the
underlying physics behind this unique astrophysical
phenomenon.

Benefit to National Security Missions
This project directly aligns with the LANL “Nuclear
and Particle Futures” science pillar just established,

specifically with its Nuclear and Particle Physics,
Astrophysics and Cosmology, High Energy Density
Plasmas, and (Advanced) Accelerators elements. This
work will establish a unique LANL capability for studying
astrophysical sciences using the existing Trident laser
facility. A part of this proposal is to upgrade the Trident
probe beam to higher power. Such an addition to

the Trident laser facility would greatly enhance LANL
scientific capability. Studying laboratory astrophysics
with intense lasers is at the heart of the LANL proposal
High Intensity Laser Laboratory (HILL), just submitted to
the recent NNSA Experimental Science Facilities call, and
squarely along the path of the LANL Laser Strategy.

Progress

We proposed to use the near-critical plasmas that

are on the verge of the laser reflection/transmission
boundary for generating collisionless shocks driven by
intense laser pulses. Understanding how the near-critical
plasmas respond to intense laser pulses is crucial to use
them to generate collisionless shocks. In the past year,
we have explored the interaction of ultra-intense laser
pulses (Trident laser beam) with near-critical density
plasmas . As a result we have identified a new laser-
plasma interaction regime, where near-critical plasmas
trap plasma electrons due to self-generated plasma
magnetic field. A manuscript detailing the results titled
“Efficient quasi-monoenergetic ion beam from laser
driven plasmas” is under review in ‘Nature’ with the PI
as the lead author. The results have larger implications in
making laser-driven compact ion accelerators.

As the laser drives a strong electron current forward

up to several mega Amperes, it generates a very strong
azimuthal magnetic field up to several hundred mega
Gauss. As a result the electron current and the laser light
are channeled through the plasma. The self-generated
plasma magnetic field traps plasma electrons and slows
them. The slowed and trapped electrons are released
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forward in the end when the laser exits the plasma. The
released electrons accelerate the ions to an energetic
bunch.

Our team studied the effect of laser spot size on the
collisionless shocks driven by intense laser pulses using the
VPIC code. At the Trident laser facility, the laser beam can
be focused down to a spot size between 5 microns to 20
microns. The spot size could induce transverse instabilities
in the plasma that adversely affects the generation of
collisionless shocks in the plasma. As a result of the study,
we have narrowed down on the optimal laser spot size and
the plasma density that would generate the collsionless
shocks in near-critical plasmas. We have upcoming beam
time at the Trident laser facility that starts in Sep 15th
2014 as part of the FY 14 work. The simulation studies
have helped us to design the upcoming experiment. In the
experiment, we hope to generate collsionless shocks in
near-critical plasmas.

A silica nano-foam near-critical target that is crucial for the
experiment was developed. We have collaborated with
LANL MST-7 to produce these nano-foams that we plan

to use in the upcoming Trident experiment. These silica
aerogels are initially formed, then super critically dried,
allowing no shrinkage while providing great flexibility in
the density. These foams are nanoporous with open celled
structure.

In the past year, we have also explored the options of
developing a dedicated probe laser beam at Trident versus
splitting up the existing Trident laser beam into two. The
studies have shown that it is better to split the Trident
laser beam in to two for practical reasons. So we will
isolate a 3 inch middle portion of the Trident ‘C’ beam and
focus it with a separate off-axis parabola for generation of
a proton beam to probe the plasma.

Future Work

A substantial amount of effort will be dedicated to
developing a probe laser beam that will be used for proton
deflectometry in the second year of the project. We

have explored the available options such as developing

a dedicated probe beam versus splitting a fraction of the
existing Trident short pulse beam and using it for proton
deflectomtery. After careful study, we have decided that
splitting the existing Trident laser beam into two, one
beam as a driver and the other beam as a probe would be
suitable for the proposed research. A three-inch central
portion of the Trident ‘C’ beam will be sampled and
focused using a separate off-axis-parabola for probing the
plasma shocks.

Also, the kinetic Vector-Particle-In-Cell (VPIC) simulation
the experiments will be continued to improve our
understanding of the plasma shock physics.

Conclusion

We expect to see the first-ever direct observation of
collisionless shocks mediated Weibel instability in
plasmas using 200 Terawatt LANL Trident laser, capable
of producing ultra-high intensity of 2 x 10721 W/cm”2.
Using proton deflectometry we expect to measure the
magnetic field generated Weibel instability. By measuring
the Weibel magnetic field as the time evolves, we could
infer the growth rate of the Weibel magnetic field.
Diagnosing the ions accelerated by the shock will be one of
the main goals of this project. We expect the collsionless
shock to accelerate plasma ions to quasi-mono energetic
distribution.

Publications

Palaniyappan, S., C. Huang, D. C. Gautier, C. E. Hamilton, J.
A. Cobble, C. Kreuzer, R. C. Shah, and J. C. Fernandez.
Magnetic Electron Trapping Generates Efficient Quasi-
monoenergetic lon Beam from Laser-driven Plasmas.
To appear in Nature Physics (Under second round of
review).
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New Chemistry Towards High Purity Uranium and Thorium Nitrides

Jacqueline M. Veauthier
20140504ER

Introduction

The purpose of this project is to investigate the
fundamental chemistry of uranium and thorium

with nitrogen rich ligands using experimental an
computational chemistry methods. We propose a series
of nitrogen-rich ligands that will bind to uranium and
thorium to form novel high nitrogen content actinide
coordination compounds. These nitrogen-rich actinide
complexes are designed to undergo a low energy
initiated self-sustained combustion reaction to yield high
purity uranium and thorium nitrides. While there has
been an increase in research on new routes to actinide
nitrides, there are very few examples of actinide high
nitrogen complexes. Characterization of this new class
of actinide complexes and subsequent investigation of
their combustion properties will impart new insight into
their potential application in actinide nitride nuclear fuel
fabrication. Concurrently, this research will increase our
overall understanding of structure-function relationships
as they relate to high nitrogen actinide materials and
their decomposition products. Finally, this work will
unite LANL core capabilities in actinide and energetic
materials chemistry to establish a new LANL capability,

a new field of science and could ultimately lead to a
revolutionary route to high purity bulk actinide nitrides.

Benefit to National Security Missions

LANL is an international leader in both actinide and
energetic materials science. By uniting these two fields,
this project offers promise for a new paradigm for the

preparation of high purity bulk actinide nitride materials.

It will produce high impact results, new signatures of
science, train the next generation of actinide scientists,
and stands to revolutionize production of advanced
nuclear fuel materials. The marriage between actinide
and energetic materials that the success of this project
demands is uniquely available at LANL. This effort
supports the LANL missions in Materials for the Future
and in Global Security. We anticipate that our LDRD

successes will translate into a larger program in actinide
nitride science with future programmatic funding from
organizations such as DOE science campaigns, DNDO,
DHS and the IAEA.

Progress

We prepared and characterized two different uranyl
high nitrogen complexes of bitetrazoleamine. These
include a monomeric and dimeric complex in which
each uranium center binds to one bitetrazoleamine as
a bidentate ligand. We have shown that we can control
formation of the dimer or monomer by controlling

the pH of the reaction solution. We are scaling the
monomeric compound for combustion experiments.
We have also been performing reactions of oxygen-
free uranium precursors with nitrogen-rich tetrazole
ligands with uranium and thorium and have isolated and
characterized a new oxygen-free U(IV) compound that
binds 2 nitrogen-rich tetrazole ligands and are working
to purify and characterize other U and Th nitrogen-rich
compounds from these experiments. This work will be
continued and is expected to yield new precursors for
combustion experiments in year two.

Towards the computational effort, we have developed a
validated computational procedure for investigation of
nitrogen rich metal complex decomposition pathways.
This method is being used to compare lanthanide and
actinide high nitrogen complexes for prediction of
complexes that decompose to metal nitrides.

Two postdocs were hired to start in the third quarter of
this fiscal year. Kevin Browne of C-IIAC will be working on
nitrogen rich uranium and thorium compounds and Katie
Maerzke (T-1) will be performing the computational
work.

Future Work

Computational and experimental work on novel high
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nitrogen complexes of uranium and thorium will continue
into Year 2. We will build on our synthetic success in year
1 to scale-up new complexes for combustion experiments
which will begin this fiscal year. We will continue to
predict stable nitrogen rich uranium precursors and
compute energetically favored decomposition pathways.

Milestones for this year include a report that compares the
predicted thermal stability of uranium and thorium high
nitrogen complexes. Additionally we will report on the
synthesis and combustion of new uranium and thorium
high nitrogen precursors.

Conclusion

We will prepare novel nitrogen-rich U/Th complexes.
Decomposition of these U/Th complexes should give
pure U/Th nitride, oxynitride, or oxide materials. We
anticipate that the decomposition of oxygen free U/Th
high nitrogen compounds to the nitride will take place at
low temperatures and will not be plagued with carbon and
oxygen impurities. The proposed work will not only result
in a new LANL capability, but a new field of science. It will
produce high impact results, train the next generation of
actinide scientists, and offers to ultimately revolutionize
production of advanced nuclear fuel materials.
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Discovery and Implication of Negative lons in the Earth’s Magnetosphere

Herbert O. Funsten
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Introduction

After more than 50 years of intensive study, our lack of
understanding of mass and energy transport throughout
the magnetosphere as well as the underlying physical
processes that drive them is astounding: we still cannot
predict geomagnetic storm onset, evolution, magnitude,
and persistence. Using recent spacecraft data, we have
serendipitously discovered negative hydrogen (H-) and
(O-) ions at energies up to 50 keV. Because they (1)
likely originate as cold ions in the upper ionosphere, (2)
behave differently than positive ions in electromagnetic
fields, and (3) respond differently than electrons to
waves, these particles represent a fundamentally new
and unique population. Key questions that our project
will answer include:

e What are the origin, transport, acceleration, and fate
of H- and O- in the magnetosphere?

* What physical processes are revealed and
understood using H- and O- as signatures?

e What is the global impact of H- and O- on mass and
energy flow throughout the magnetosphere?

Benefit to National Security Missions

This project provides new signatures for understanding
physical processes that drive the dynamics of the Earth’s
space environment and will quantify the impact of
these new particle species on the physical processes
themselves. Understanding and predicting the space
environment is directly applicable to our DOE space
Nuclear Detonation Detection Program and is of
interest to other agencies who rely on the U.S. space
infrastructure. Furthermore, it is directly relevant to
NASA’s mission of understanding the space environment
under its Living with a Star Program.

Progress
Work to date during FY14 has focused on three key tasks
in order to establish the credibility that the negative ion

signatures observed by the HOPE mass spectrometer are
of natural (ionospheric) origin.

Quantification of electron backgrounds

The HOPE mass spectrometer uses energy and time-of-
flight (TOF) measurements to establish the mass of a
charged particle. The primary background for negative
ions is dependent on the electron flux, specifically
chance TOF coincidence resulting from two electrons
that generate non-coincident detection events at a

TOF value characteristic of a negative ion. Using the

TOF spectra that are routinely reported from HOPE,

we have quantified the probability of electron chance
coincidences occurring within negative ion TOF windows
for negative H and O as a function of energy and over
6-month epochs. The negative ion counts (but not

flux) corrected for the chance-coincidence electron
background have been incorporated into the HOPE data
processing chain and are now available as a data product
for analysis by this project team. We have demonstrated
the ability to remove most counts from chance detection
of two electrons. Because the HOPE TOF spectra are
only obtained for a subset of viewing angles and thus
represent only 1/40 of all collected data, we will validate
the electron background using the entire HOPE data set
using negative ion counters, which have been re-set on
the spacecraft to accurately map to either negative ion
TOF spectra (at the appropriate H- and O- energy range)
or to collection of background counts (outside of this
energy range).

Quantification of negative ions generated within the
HOPE instrument

Scattering of ambient positive ions from internal
surfaces of the HOPE instrument represents the only
viable potential pathway for non-natural negative

ion production and subsequent detection by HOPE.
Specifically, the entrance surface to the HOPE
electrostatic energy analyzer contains a potential
scattering surface at an Al plate coated with Ebonol-C
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(dendritic copper-black). We have performed both
electron-optic simulations of this scattering and laboratory
experiments of scattering of an incident beam of 10 keV
H+ from this coated surface. The electron-optic simulations
have identified Ebonol-coated Aluminum zones of the
HOPE entrance that can scatter incident protons such that
resulting negative ions can enter and traverse the energy
analyzer. The experiment uses an electro-static deflection
and an imaging microchannel plate detector to measure
the incident beam flux, the distribution of scattered
atoms, the energy of the scattered atoms (crudely), and
the charge state of the scattered atoms. The following key
results were obtained, indicating predominantly specular
scattering:

e The scattering probability of incident protons is 0.0113
at an incident angle of 10° and 0.0058 at an incident
angle of 20°

e The fractional charge state distribution of scattered
hydrogen at an incident angle of 10° is: 0.14 H+; 0.85
HO (neutral), and 0.01 +/- 0.002 H-

¢ The fractional hydrogen abundance with energy loss
of the scattered hydrogen is minimal: 0.86 lose no/
minimal energy, 0.10 lose up to 1 keV; and 0.04 lose
between 1 keV and 4 keV

¢ The net probability that an incident H+ is scattered as
H- is therefore (0.0113 * 0.01) = 0.00011.

Quantification of the absolute detection efficiency of
negative ions

These tests utilize the HOPE engineering (non-flight)
model of a single TOF pixel. This experiment, originally

to be completed in FY14, will extend into FY15 because
of reduced LDRD funding (as previously reported to the
LDRD PO). Preliminary results indicate that the coincidence
detection efficiency of negative ions is approximately half
that of positive ions; this difference is the result of the
different acceleration voltage for charged particles in ion
mode (11 kV) and electron mode (1.5 kV).

The impact of LDRD cuts on this project is minimal;

as previously reported, experiments of quantification

of negative ion fluxes as a HOPE data product will be
complete in early FY15. A critical person for implementing
this (Jon Niehof) has left the Lab but will still be available
at a low level to complete this implementation. A summer
student (Kyle Pittman) is helping to understand the
electron backgrounds. Co-I Brian Larsen is preparing a
manuscript on the scattering of protons from Ebonol-
coated aluminum.

Future Work

The second year of this project involves the quantification
of negative ions generated within the HOPE instrument
and contribution from the natural environment. With
the experimental validation of the electron background
complete, quantification of the negative ion measurement
begins. Negative ions are certainly created through
scattering within the instrument but laboratory
measurements show vastly insufficient efficiency to
explain the measured signal. As the natural negative

ions quantified estimates are completed the O- and H-
lifetimes in the magnetosphere will commence. These
are exciting missing pieces of information as published
solar negative ion lifetimes are far shorter than required
for our magnetospheric observations. We expect several
discovery-class publications as the quantifications are
completed.

Conclusion

We will characterize the H- and O- abundances as a
function of time, location, energy, and geomagnetic
activity; demonstrate their utility as enabling, unique
signatures for magnetospheric dynamic processes; utilize
these signatures to study a subset of these processes;
and demonstrate whether (or not) they are of sufficient
abundance to influence the physical processes driving
mass and energy transport in the magnetosphere. This has
the potential to open a new subfield in magnetospheric
physics, with instrumentation designed specifically for
measurement of negative ions on future missions.
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Viral Disarmament: A Trojan Protein Approach
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Introduction

Viruses evade our defenses by evolving rapidly. Typically,
viruses evolve about a million times faster than the
human genome. Consequently, few effective antiviral
therapeutics exist. We need new antiviral strategies that
turn viral evolution from an advantage into a handicap.
Our effort will determine rates of viral mutation and loss
of function under conditions where selection pressure
has been removed, and will potentially enable new
antiviral therapeutic strategies.

We have four aims:

e Learn how quickly a viral gene can become
nonfunctional. We propose to determine rates of
viral evolution by providing supplements (“Trojan
proteins”) that eliminate the need for viral genes to
produce their protein products.

e Examine the effects of viral mutations on viral
function.

e Separate roles of viral genomic RNAs (vgRNAs).

e Obtain distributions of mutations (counts by
genomic location) for viruses that preserve function
and for those that lose function.

Our effort is the first effort, to our knowledge, to
quantitatively study, in a controlled fashion, a counter-
intuitive effect whereby evolution can lower (not

raise) fitness. Our particular approach to studying this
phenomenon involves “flattening” the fitness landscape
in which viruses produce their needed proteins. We
remove selection pressure on two viruses by studying
infections in host cells that have been modified to
produce proteins that the viruses normally synthesize.
We call these proteins “Trojan” proteins, because,

while they initially benefit the virus, ultimately they are
intended to lead to a dependency on the host; and upon
removal, to the collapse of the viral population. If results
are promising, we believe that a new avenue of viral
therapeutics will be enabled.

Benefit to National Security Missions
Joshua Lederberg wrote “The single biggest threat to
man’s continued dominance on the planet is a virus.”
Still, very few antiviral drugs exist. Both biodefense and
public health missions require that we develop better
antiviral agents.

Understanding viral evolution is essential. It is natural
also to consider whether viruses ability to evolve

rapidly can be used against them. The proposed effort

is fundamental science and will provide important
insight into mutational loss of function. It may lead to
new therapeutics or new therapeutic strategies. Our
approach should be of immediate interest to NIH, to NSF,
and to DARPA. As the work progresses, and applications
become feasible, it should become relevant to the
missions of DTRA and to the DHS.

Progress

e  Obtained IBC approval (IBC 130/Viral disarmament:
a Trojan protein approach/Momchilo Vuyisich/
Murray Wolinsky/29 January 2014). Set up a
dedicated lab, and hired Anais Weibel, a (master’s
degree) virologist affiliated with the Institut Pasteur
to perform the experimental work. Trained Anais in
methods needed specifically for this effort. Obtained
additional summer student support and applied for
director’s funded postdoctoral fellow.

¢ Collaborated with Susan vandeWoude’s
group at Colorado State University for feline
immunodeficiency virus work. (Experimental work to
be performed in Year 2.)

e Selected influenza A virus strain for experiments:
Influenza A /California/07/20009 strain (H1IN1). Began
experimental work on this virus with assistance from
Jennifer Harris. Selected host cell lines: MDCK cells
and Beas-2b cells.

e Discussion with experts and literature analysis
indicated that five proteins are particularly suitable
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for initial experiments: PB1, PB2, PA, HA, and M1. We
codon-optimized nucleic acid sequences corresponding
to these proteins, and ordered and received
corresponding sequences for host expression. Codon-
optimization will improve protein expression levels
and, more importantly, will allow us to differentiate
viral sequences (including mutated viral sequences)
from host-produced sequences. We performed
statistical analyses that verify we will be able to
distinguish the sources of these proteins for expected
mutation rates and regardless of expected sequencing
error rates.

All host cells have been transfected with all the
influenza genes selected. We isolated MDCK clones for
the M1 gene (MDCK-M1) and started to analyze the
gene expression level and protein length by ELISA and
Western-Blot techniques. The selected clones will be
propagated in large quantities and stored for future
virus propagation.

We expect to have a qPCR assay for influenza viruses in
the next month to start the virus propagation. (Jason
Gans designed an initial influenza A gPCR assay. This
assay has been tested and we are currently iterating
on the design to improve its performance.) This gPCR
assay will provide a faster way to quantify the virus for
the serial infection than the immuno-plaque assay we
are currently using.

We expect to obtain stable clones expressing each of
our initially-targeted viral genes during this summer for
both MDCK and Beas-2b cell lines.

We hope to start the virus propagation on MDCK-M1
cells before August and have the first sequencing result
during September.

With substantial assistance from Jason Gans, we set
up an initial analysis platform for transcriptomic data
to detect and characterize viral mutations. As a test,
we collected sequence data from both uninfected and
infected host cells to develop methods of mapping
reads to distinguish host cell (background) sequences
from viral sequences. Our platform uses widely-used
transcriptomic analysis tools (Bowtie 2, Cufflinks,
Tophat 2) as well as custom scripts and other tools.
Our mapping methods are currently being refined.
Updated initial model and simulations that were the
basis for this effort. Advanced collaboration with
Eugene Shaknovich at Harvard regarding modeling
issues and analysis of expected experimental data
through telephone conversations. Currently working
on manuscript for publication.

Exploring potential developments of this work for
related applications with Joel Berendzen. Submitted
pentachart to DARPA for follow-on activities. Have
identified a potential collaborator for follow-on animal

work for NIH proposal if experimental results are
adequately promising.

Future Work

We will study two viruses: feline immunodeficiency virus
and influenza A virus. Work on influenza A virus was
started in year 1. Work on feline immunodeficiency virus
will be initiated in the next FY. For each viral protein

we will develop host cell lines (where feasible) that
endogenously express the viral protein. (Currently this
has been done for five initial influenza A viral proteins.)
In serial passage experiments, these host cell lines will be
infected by these viruses, allowing us to study the effects
of supplementation on viral evolution. We expect these
experiments will generate “replication-deficient” viruses.
Existing and new theoretical methods will be used to
identify the mutations responsible for loss of function.

In the second year, we will:

e Continue the viral passaging experiments with avian
influenza virus on identified host cell lines for 5
selected proteins.

e Obtain sequence data for these proteins as a function
of passage number, and determine amounts and rates
of mutation.

¢ Ifloss of function is observed in any of these proteins,
identify mutations responsible for this loss of function.
(This is the central goal of the project: to obtain
“replication-deficient” viruses.)

e Establish robust platform for analysis of sequencing
results.

¢ Share material and data with Eugene Shakhnovich.

e Expand experimental work to remaining influenza A
proteins.

¢ Expand experimental work to feline immunodeficiency
virus.

e Publish experimental/theoretical results.

Conclusion

The core innovation is methodological. We propose a

new way to study viral evolution; in particular, loss of viral
function. Our methodology is based on providing host cells
with the same proteins that the viruses naturally produce.
By doing so, we “flatten” the fitness landscape. This
methodology provides a research platform of considerable
generality to study [i] progression towards loss of function,
[ii] specific mutations responsible for loss of function, [iii]
number of mutations required for loss of function, and

[iv] rate of loss of function. Perhaps paradoxically, our
approach also may provide novel viral therapeutics.
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Abstract

As part of the global hydrologic cycle, the Earth’s deep
water cycle plays a significant role in many geological
processes, including arc volcanism, deep focus seismic-
ity, and, in a larger context, the evolution of our planet.
To understand Earth’s deep water cycle, it is essential

to determine the stability and fate of hydrous miner-
als, which occur in hydrated oceanic crust, when the
crust is subducted into the mantle via the mechanism

of plate tectonics. The objectives of this research are to
characterize the crystal structures, elastic properties and
thermodynamic stability of a number of hydrous miner-
als at high-temperature (T) and/or high-pressure (P) con-
ditions using several experimental techniques including
neutron diffraction, synchrotron X-ray diffraction (XRD)
and infrared spectroscopy (IR). We have investigated two
groups of minerals: 1) simple hydroxides such as brucite
and nickel hydroxide; and 2) complex hydrous phases
including jarosite and magnesium silicate phase A. Since
these minerals contain large amounts of hydrogen, neu-
tron diffraction is particularly powerful for such studies.
Systematic neutron measurements have yielded valuable
information such as hydrogen positions and displace-
ment parameters as a function of P and/or T that are
difficult to obtain with other techniques. Synchrotron-
based methods (XRD and IR) can provide complemen-
tary information, especially at higher pressures, due to
the high brightness of synchrotron radiation and the
ease of combining it with diamond-anvil cell (DAC). The
obtained results provide important parameters for mod-
els of Earth’s deep water cycle and thus shed light on
mechanisms underlying the storage, fate and dynamics
of water in the Earth’s interior.

Background and Research Objectives
Comparative planetology has demonstrated the unique-
ness of our planet, not only in the compositions of its
oceans and atmosphere, but also in the ways in which

it continuously renews its surface through plate tec-
tonics. The latter arises from convective motions in

the viscous silicate mantle and is governed by mantle
viscosity, elasticity, and mineralogy. The existence

and distribution of volatile species, including water, in
Earth’s interior strongly influence the global tectonics
and related geological processes such as seismicity and
volcanism [1-7]. The amount of hydrogen in the deep
Earth largely depends on the manners it can be accom-
modated in the structures of mantle minerals. The origin
and history of the hydrosphere may also depend on the
primary reservoir of water in the mantle. Furthermore,
it has long been recognized that the density and seismic
velocities in Earth’s core require it to be iron alloyed with
lighter elements such as H, Cand S [8]. During the past
decades, the mechanism of water exchange between
lithosphere, hydrosphere, and biosphere has generated
considerable interest in the scientific community at large

[9].

The most common hydrous minerals in Earth’s crust
include clay, mica, amphibole and serpentine. Previous
studies show that these minerals are stable to depths of
200 km [1]. At greater depths, they dehydrate, and new
hydrous phases, especially dense hydrous magnesium
silicates, will be formed [10-11]. In addition, hydrogen
can be stored in the structures of nominally anhydrous
minerals, such as olivine, pyroxene and ringwoodite,
which also occur at depths >200 km [1,12]. Hence,

the existence of hydrogen in these minerals may have
significant effects on the evolution and dynamics of the
mantle. Despite its importance, information regard-

ing hydrogen bond behavior at high P-T conditions is
scarce, and thus the detailed structures and stability of
many hydrous minerals in the deep Earth remain largely
unclear.

The goals of this project are to unravel atomistic mecha-
nisms underlying the behavior of hydrous minerals

at high P and/or T via studying their crystal chemistry
and thermodynamic stability. Using neutron diffraction
coupled with our developed high P-T technique, and
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synchrotron X-ray diffraction and infrared spectroscopy, we
have determined crystal structures, elastic properties, and
thermodynamic stability of a number of hydrous minerals
at high P-T conditions. In particular, we have characterized
hydrogen bonding in these minerals, which plays a key role
in their thermodynamic stability, dehydration processes
and phase relations. These studies provide fundamental
information on structure features that permit hydrogen to
be retained under extreme P-T and thus shed lights on the
mechanisms of water cycling in deep Earth and the origins
of the arc volcanoes and deep focus earthquakes.

Scientific Approach and Accomplishments

To achieve the above objectives, we have performed

the following tasks: 1) sample syntheses of brucite
[Mg(0D)2], nickel hydroxide [Ni(OD)2 and Ni(OH)2],
jarosite [KFe3(S04)2(0OD)6] and hydrous phase A
[Mg75i208(0D)6]; 2) neutron diffraction of the four phas-
es; 3) synchrotron XRD of nickel hydroxide and jarosite;
and 4) synchrotron IR of hydrous phase A. These neutron
and synchrotron experiments were conducted at high-P
and/or high-T conditions.

Sample Syntheses: As hydrogen has a high incoherent
scattering cross section for neutrons, which causes high
backgrounds in neutron diffraction patterns, we synthe-
sized deuterated phases instead [except nickel hydroxide,
for which both Ni(OD)2 and Ni(OH)2 were prepared]. The
Mg(OD)2 sample was prepared from hydrothermal reac-
tion of high-purity MgO powders with D20 in an autoclave
at 548 K for @20 h. Similarly, the KFe3(504)2(0OD)6 sample
was made from hydrothermal reaction of Fe(NO3)3-9D20,
K2504 and D20 at 433 K for 3 days. To investigate H/D iso-
tope effect, Ni(OD)2 and Ni(OH)2 samples were prepared
using precipitation methods with Ni(NO3)2:6H20, NaOH
and H20 or their deuterated counterparts as starting
chemicals. The Mg7Si208(0D)6 sample was synthesized
using the high P-T method with a Kawai-type multi-anvil
apparatus. Starting material was a mixture of natural fors-
terite (Mg2SiO4) and Mg(OD)2 in a molar ratio of 2:3, and
16 runs were conducted. In a typical run, the starting ma-
terial and D20 water were loaded into a platinum capsule
and were held at 10 GPa and 1073 K for 5 hours, followed
by quenching to room temperature at 10 GPa and decom-
pression to ambient pressure. All the obtained samples
were confirmed to be phase-pure by powder XRD.

Neutron Diffraction of Brucite: Two types of time-of-flight
neutron experiments were performed on Mg(0OD)2: 1)
high-T measurements from 313 to 583 K [13]; and 2) high
P-T measurements up to 5 GPa and 1000 K. Our high-T
neutron patterns indicate that Mg(OD)2 was stable from
313 to 553 K. However, the sample partially decomposed

into periclase (MgO) and D20 (gas) when T =583 K. Thus
the onset temperature of the dehydroxylation lies between
553 and 583 K. Rietveld analyses of the obtained neutron
data were performed using both single-site and three-site
split-atom hydrogen models. The results show that with
increasing temperature, unit-cell parameter c increases
more rapidly than a; the coefficient of thermal expansion
(CTE) along the c-axis is @5 times that along the a-axis. This
large anisotropy of thermal expansion is primarily due to
rapid increase in the interlayer thickness along the c-axis
on heating. The amplitudes of thermal vibration for Mg,

O and D increase linearly with increasing temperature;
however, the rate of the increase for the lighter D is much
larger (Figure 1). In addition, D vibrates anisotropically with
a higher magnitude within the (001) plane. On heating, the
interatomic distances between a given D and its associated
O and D from the adjacent [MgO6] layer increase, whereas
the O-D bond length decreases (Figure 2). This behavior
suggests weakened D---O and D---D interlayer interactions
but strengthened O-D bonding with increasing tempera-
ture.

Several sets of high P-T neutron experiments were carried
out on Mg(OD)2. Specifically, the sample was first com-
pressed to a certain pressure and then at that pressure,
was heated up to 1000 K. For example, one set of experi-
ment was conducted at about 0.8 GPa and 298, 500, 700,
800, 900 and 1000 K. The neutron patterns indicate that
Mg(OD)2 was stable up to 900 K at 0.8 GPa. However, the
sample partially decomposed into periclase (MgO) and
D20 when T = 1000 K. Thus the onset temperature of the
dehydroxylation at this pressure lies between 900 and
1000 K, which is much higher than that at ambient pres-
sure (between 553 and 583 K). This behavior suggests that
the Mg(OD)2 dehydroxylation displays a normal, positive
P-T slope. Rietveld analysis reveals that with increasing
temperature, the c dimension expands at a larger rate than
a. Similar to the behavior at ambient pressure, this anisot-
ropy of thermal expansion is due to rapid increase of the
interlayer thickness along c with increasing temperature.
However, the magnitudes of the thermal expansion are
smaller than those at room pressure, apparently due to
the pressure confining effect.

Neutron/Synchrotron X-ray Diffraction of Nickel Hydroxide:
We conducted similar neutron experiments on Ni(OD)2,
including high-T measurements up to 500 K and high

P-T measurements up to 3 GPa and 600 K (Figure 3). The
high-T neutron patterns show that Ni(OD)2 started to
decompose into NiO and D20 at a temperature between
435 and 453 K. Rietveld analysis reveals similar behavior
to Mg(0D)2 in variations of lattice constants and bond-

ing parameters with T. However, the thermal expansion
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anisotropy of Ni(OD)2 is much more dramatic than that

of Mg(OD)2. The CTE of Ni(OD)2 along its c-axis is BI11
times that along its a-axis, as compared with &5 times for
Mg(OD)2. High-P neutron diffraction results show that with
increasing P, cell parameter c decreases much more rap-
idly than a, which is largely due to rapid reduction of the
interlayer spacing, as occurred in Mg(OD)2. Fitting of the
determined cell volumes to a Birch-Murnaghan equation
of state yielded a bulk modulus (K0) of 57.3(1.0) GPa and

a zero-pressure volume of 38.33(2) A3 with K0’ fixed at 4.7
[14]. Moreover, upon compression, the hydrogen-mediat-
ed interactions between the neighboring layers become
strengthened, as reflected in decreases in interlayer D---O
and D---D distances with increasing P. On heating at 3 GPa,
the mean volume CTE is 6.58 x 10-5/K, smaller than 8.95 x
10-5/K measured at room pressure, which arises from the
confinement effect at high P.

Since the reported bulk moduli for nickel hydroxide exhibit
a wide range of @52 to 88 GPa [14-15], we conducted a
comparative study of Ni(OD)2 and Ni(OH)2, which may
possibly cause the compressibility discrepancies due to
H/D isotope effect. Specifically, we carried out energy-
dispersive synchrotron XRD on Ni(OD)2 and Ni(OH)2 at
identical P-T conditions using a multi-anvil apparatus. Our
results show that at a given condition, unit-cell parameters
a and c of Ni(OH)2 are, respectively, larger than those of
Ni(OD)2. The resulted smaller unit-cell volumes for Ni(OD)2
imply that the structure may preferentially incorporates

D over H at high pressures. Furthermore, Ni(OD)2 is only
slightly more compressible than Ni(OH)2 (primarily along
the c-axis). Thus the discrepancies in reported bulk moduli
are not due to H/D isotope effect. The larger bulk modu-
lus obtained from DAC measurement [15] is likely due to
nonhydrostatic conditions in the DAC plus its radial diffrac-
tion geometry. In a typical DAC setup, as the diffraction
plane is parallel to the pressure loading direction, the data
collected under nonhydrostatic conditions will measure dif-
fraction from the minimum stress direction and lead to an
erroneously larger bulk modulus. By contrast, our toroidal-
anvil-cell neutron experiment was hydrostatic, because the
sample was pre-annealed at high temperature to release
nonhydrostatic, deviatoric stresses.

Synchrotron X-ray/Neutron Diffraction of Jarosite: To map
out jarosite [KFe3(S04)2(0D)6] P-T stability regions [16],
several sets of measurements were performed up to 9 GPa
and 1273 K. For example, at 9.1 GPa, jarosite was stable up
to 824 K, but then decomposed partially into yavapaiite,
hematite and water at 839 K. This dehydroxylation tem-
perature is higher than that at ambient pressure (between
550 and 575 K) [17], suggesting a positive P-T slope for the
dehydroxylation reaction. At a given pressure, the c dimen-

sion of jarosite expands at a rate more rapidly than that for
a. Similar to the behavior at room pressure [17], this an-
isotropy is largely due to the ease of tilting the Fe(O,0D)6
octahedra about the a-axes, which results in rapid increase
in the (001) layer thickness with temperature. However,
because of the confining effect, the magnitudes of the
thermal expansion are smaller than those at ambient pres-
sure.

Synchrotron IR Spectroscopy and Neutron Diffraction of
Hydrous Phase A: IR spectra of Mg7Si208(0D)6 were col-
lected from 600 to 8000 cm-1 in frequency at pressures up
to 31 GPa (Figure 4). Although the sample is nominally a
deuterated phase, the IR spectra indicate that it contains
a small amount of OH, presumably due to the exchange of
D by H from moisture during sample synthesis/handling.
Because IR spectroscopy is more sensitive to OH than OD,
the presence of even a small amount of OH results in sig-
nificant IR signals arising from OH. Thus the sample can be
used for studying both OD and OH vibrational properties.
The results suggest a possible phase transition at 12 GPa,
as evidenced by the slope changes in variations of OH/OD
band frequencies with pressure. High P-T neutron diffrac-
tion experiments of Mg7Si208(0D)6 were conducted up
to @2 GPa and @958 K. The obtained patterns indicate that
this phase remained stable throughout the P-T range test-
ed, demonstrating the high hydrogen-bonding strengths
[18] at these conditions.

In summary, simple hydroxides such as brucite and nickel
hydroxide are present as component units in the structures
of complex hydrous mantle minerals (such as phase-E,
Mg2.08Si1.16H3.2006), and hydrous phase A is a potential
host phase for water in the Earth’s mantle. Jarosite oc-
curs on Mars, which is considered as a strong evidence for
the existence of water (and life) in ancient Mars. Hence,
studying the structures and stability of these minerals at
relevant P-T conditions will provide important insights into
the mechanisms of water storage in the deep Earth and
other planets (if the same tectonic mechanism is operating
in Mars).

Impact on National Missions

Through determining the structures and stability of a
number of hydrous minerals at high P and/or T conditions,
this project contributes to fundamental understanding

of the storage and fate of Earth’s deep water and related
geological activities including volcanism and seismicity.
Earth’s deep water cycle is an essential part of the global
water cycle which integrates physical, chemical, and bio-
logical processes that sustain ecosystems and influence
climate, hazardous events, and related global change. The
unique high P-T neutron technique used/optimized has a
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wide range of applications in materials science, physics,
chemistry, Earth and environmental sciences, and thus
will strengthen key capabilities required for future mission
areas in materials research, energy security and environ-
mental remediation.
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Abstract

Current trends in publications and shifts in world-wide
experimental programs indicate that ultracold mol-
ecules will play a prominent role in the basic sciences
and applications (such as sensors). While outstanding
work in fundamental and applied science has come from
ultracold atomic physics, a similar plunge by molecular
physics into the ultracold arena will bring forth topics
and applications that atoms cannot canvass: atoms are
simple denizens of the quantum and physical-science
worlds; molecules are entirely different, possessing
internal degrees of freedom that can reach and explore
phenomena untouchable by atoms.

The ideal substance for initial experiments would be
many millions molecules crowded densely enough to
interact (collide) with their neighbors and cooled to

the point of neither vibrating nor rotating nor moving
much at all (an absolute temperature of 1 millikelvin or
less). From there, one can consider the molecules like
slumped marionettes ready for animation by a skilled
practitioner. It remains difficult, however, to produce
such a starting point of absolute molecular calm, mainly
because the degrees-of-freedom one would like to ma-
nipulate are not easily brought to rest in the first place.
This report outlines our proposed approach to cooling
and accumulating cold molecules, and summarizes our
accomplishments in that endeavor. Our ultimate goals
included demonstrating the laser-cooling of molecules
and their subsequent storage in an accumulator. The
novel principles and techniques brought forth by this
research will enrich both atomic and molecular ultracold
physics along with their realms of unique sensors.

The foregoing and the following sections associate
motion with temperature. For present purposes, lower
temperatures mean less agitation, usually slower speeds
but more importantly more similarity among speeds.

In a room (at 295 kelvin), the nitrogen in air can have
speeds anywhere from several meters per second to

one-thousand meters per second. This is agitated traffic
indeed, a scene of fast and frequent collisions. Were it
cooled to 1 millikelvin, though, nitrogen would move
about far less chaotically—much more uniformly—at an
easy pace between a crawl and a brisk walk (a couple of
meters per second).

Background and Research Objectives

With rare exception, current experiments and methods
do not produce the desired dense ensemble of ultra-
cold molecules in their lowest internal energy state and
barely moving at a temperature of 1 millikelvin. One
technique is termed “buffer-gas loading” and is akin

to placing molecules into a special freezer. The exem-
plary case puffed molecules into a chamber filled with
very cold helium (the buffer gas) and then suspended
and concentrated them between two superconducting
magnets [1]. The temperature of the trapped molecules
got no lower than the 400 millikelvin of the buffer gas.
Attempts at evacuating the buffer gas — the refrigerant —
in order to proceed with experiments on the molecules
in isolation were unsuccessful [2, 3]. Molecules (polar
molecules, to be specific) can be slowed by a tube-like
device called a Stark decelerator, a machine that applies
a sequence of electric fields to molecules as they pass
through. Most useful are Stark decelerators with a trap
at the end to hold the slowed molecules. The tempera-
tures of the trapped molecules, however, are usually
high (200 millikelvin), and the density is so thin that
molecules rarely encounter one another [4, 5]. Physicists
from JILA with theorist colleagues assembled cold mol-
ecules from cold atoms. They brought this method to a
technical apex by forming very cold diatomic molecules
(KRb) from an equally cold mixture containing potassium
and rubidium atoms [6]. The molecular density peaked
at an exceptionally high value but lasted too briefly for
subsequent experiments. A related technique of atomic
assembly forms special and very cold molecules that are
fundamentally intriguing [7]. However, these molecules
are too slight, with weak bonds stretched over vague
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distances, to consider them durable or suitable against the
manipulations and studies one would like to undertake
with regular molecules. Lastly, like earlier researchers that
deflected atomic beams with lasers [8, 9] (even lamp light!
[10]), researchers at Yale provided a harbinger for laser-
cooling molecules in their laser-deflection of a molecular
beam by a laser [11]. Their work incorporated and proved
our earlier proposal for laser-cooling molecules [12], which
we undertook in this LDRD program.

Our objectives were to laser-cool and trap a diatomic mol-
ecule (calcium monohydride, or CaH) that looks much like
an atom when it comes to laser cooling. In some respects,
the experiment recalls pivotal experiments of the early
1980’s that showed how laser light when shined against an
atomic beam can decelerate and cool the atoms to tem-
peratures below 1 millikelvin [13]. Our calculated expecta-
tion for slowing and cooling a molecular beam of CaH is
shown in Figure 1. Based on realistic conditions, the calcu-
lation showed that cooling real molecules to 0.1 millikel-
vin—a temperature significantly less than that attained by
many others—appeared to be technically feasible. Follow-
ing the laser-cooling process, the molecules would travel to
an accumulator that, functionally, is like an accumulator of
high-energy physics practice, where streams or bunches of
particles can be amassed and stored. An accumulator is an
essential device for gathering molecules into a dense clus-
ter. To date, however, accumulators are unknown in atomic
and molecular physics despite their possible utility in those
fields. Our design and eventual demonstration of an ac-
cumulator we thus took to be an important and rare bridge
between disciplines that are separated by a factor of more
than one trillion in the energy of particles they use.

We built and proved a dual-purpose atomic/molecular
beam machine (diagrammed in Figure 2), assembled the
needed lasers, measured the machine’s performance for
the case of our test particle of lithium (our surrogate for
the more complicated CaH), and designed an accumula-
tor. Though well positioned by project’s end to meet our
objectives, we ultimately ran out of time in an endeavor
that remains exceedingly difficult (and elusive) at the few
institutions that attempt to laser-cool and trap molecules.
Nevertheless, the devices and discoveries we made during
our determined push for success will be useful to the phys-
ics and chemistry communities. For example, we were the
first group, to our knowledge, to design and use (quite suc-
cessfully) a fiber-coupled laser-ablation source for atomic/
molecular beam experiments, a novel set-up that might
also be useful in LIBS and other types of analytical-chem-
istry techniques. We also arrived at a design for an accu-
mulator that is far simpler to make and use than what we
originally envisioned. These and other accomplishments

are described in more detail in the next section.

Scientific Approach and Accomplishments

As mentioned earlier, our approach to laser cooling ap-
pears similar to the arrangements of the seminal experi-
ments in laser-cooling atoms [13]. There is, however, an
important distinction. Where a so-called effusive source

(a hot, low-pressure oven with a small hole) suffices for
directing atoms to a laser-cooling experiment, molecules
must be delivered through an intense supersonic jet.

The experimental setup is somewhat more complicated
but gains two important advantages. First, a jet-source
produces a beam with a velocity spread one-hundred
times narrower than a comparable beam from an effusive
source. The narrow velocity profile yields more molecules
within the range of velocity that is susceptible to laser
cooling. Second, the jet source performs the work of cool-
ing the internal energy (the rotations and vibrations) of the
molecules. When the jet ultimately rarifies and becomes

a beam, one finds the molecules frozen into their lowest
guantum states as well as moving at a fairly uniform speed.
Effusive beams cannot produce this ideal beginning to
laser-cooling molecules. Laser-cooling then takes over and
dissipates the kinetic energy of these molecules without
disturbing their internally-frozen state, to have them arrive
at the entrance of the accumulator internally still and uni-
formly slow. All this occurs in several milliseconds.

A key to generating the entrained supersonic beam at
room temperature is introducing the solid precursor mate-
rial into an expanding carrier gas. We accomplish this with
a laser vaporization source, as shown in Figure 3. In this
source, a rotating, translating rod of Li (our surrogate for
CaH) or CaH2 (the precursor for CaH), is impinged upon
with a high peak power laser pulse (0.25 to 1 gigawatts per
square centimeter delivered in 10 nanoseconds) orthogo-
nal to a pulsed valve evolving carrier gas bursts at 10 times
per second. The pulsed valve sets the beam direction (Fig-
ure 1). As mentioned, we successfully designed and imple-
mented a novel fiber optic delivery system for these neces-
sary high-fluence laser pulses. The atoms or molecules of
interest are born in a high-temperature plasma, but they
quickly achieve characteristics, as described below, of the
carrier through collisions with the dense gas. This source

is the starting point for subsequent cooling and accumula-
tion. We believe use of this source, or one similar to it,

is novel to the laser cooling community in general and a
necessary prerequisite to directly laser cooling molecules.

When we started the project, it was unknown whether the
motion any particle (an atom or molecule) so laser-ablated
would equilibrate to the cold temperatures of the expand-
ing, transient bursts of carrier gas. And if the burst of gas
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were too brief for even the carrier gas to reach its limiting
cold temperature, what would come of the particles born
from the hot, bright spark of a laser-produced plasma?
Our concerns were dispelled by our careful measurements
in the case of a xenon carrier gas. Lithium, it turned out,
attained a translational temperature about half that of xe-
non’s, a curious result nonetheless supported by a theory
of dynamic “ultracooling” in supersonic expansions [14].
Figure 4 examines the velocity of lithium that we measured
as it traveled through the diagnostics chamber (Figure

1). The circles are the measurements, and the curves are
different velocity distributions associated with different
temperatures. Recall that more uniformity in velocity
means a lower temperature. While lithium travels at an
average speed of 300 meters per second, the range of
velocity is rather compressed and exhibits a temperature
of 1 kelvin (the blue curve). We had expected, however,
from standard theory, the velocity range to be broader and
described by a temperature of 2.2 kelvin (the red curve). A
supersonic jet thus works to our advantage in a third and
unexpected way by delivering particles considerably “pre-
cooled” to the laser-cooling phase. The production rate

of laser-cooled molecules would consequently be higher.
The result also further recommends the straightforward
machine of a supersonic beam operated with room-tem-
perature gases as a platform for generating laser-cooled
molecules.

Our accumulators trap neutral atoms and molecules in the
ground state. The ground-state energy levels of an atom
are split into multiple levels by a magnetic field (Zeeman
effect). If the energy of a particular Zeeman level increases
with field, the force on the particle is in the direction of
decreasing field. This is a field-repelled state. If the Zeeman
energy decreases with field, the force is in the direction

of increasing field and the state is field-seeking. Particular
states can be selected by means of optical pumping with
laser beams [15]. Various accumulator configurations
were modeled by numerical integration of particle orbits.
The first concept investigated was similar in concept to a
storage ring for charged particles with charge-exchange
injection, but with sextupole magnets replacing the quad-
rupole magnets of a charged-particle storage ring and laser
transitions replacing the foil stripping used for injection
into charged-particle storage rings. We found that if there
were gaps between magnets (at least one gap is required
for injection), orbits were unstable. The second concept
investigated was a linear sextupole array with solenoids on
the ends. Although trapped orbits were stable, the phase-
space acceptance was too low. The third and best concept
investigated was a cusp solenoid trap. Trapped orbits are
stable and phase-space acceptance is good. The trap is
consists of two permanent-magnet solenoids in a cusp-

field configuration. Injection requires two state transitions
(Figure 5). The injection concept allows continuous injec-
tion with increasing storage density until an equilibrium
density is reached, with losses balancing the injection rate.

Papers on particle ultracooling by the supersonic jet, the
fiber-coupled laser ablation source, and the accumulator
are in various stages of preparation.

Impact on National Missions

Ultracold molecular matter is rife with research opportuni-
ties that will help us understand and control the quantum
mechanics of reactions and collective phenomena, thus
providing another window into the details of material
behavior we wish to exploit or invent. The field will flourish
once ultracold molecular matter can be produced regularly
and reliably, an international goal we believe our research
has put in much closer reach. The accumulator, while intro-
duced here to gather molecules and atoms for basic stud-
ies, can be seen more generally as a new device brought by
an interdisciplinary combination of high- and low-energy
physics. A continued dialogue between these groups at

the nexus of accumulators and particle-optics could lead

to new constructs of matter-wave circuits as applied to the
detection of external fields and gravity gradients.
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Figure 1. Diagram of our dual-purpose atomic/molecular beam
machine. The beam propagates from left to right. Atoms and
molecules are generated by a laser-ablation pulse in the source
chamber, get entrained in a supersonic expansion of a “carrier”
gas (such as argon or xenon), and become a sharp puff of gas
soon after the source chamber. Experiments with Li atoms prove
concepts for molecular species. Li will have similar terminal
velocities (determined by carrier gas) from our source. For Li-
cooling experiments, a Zeeman slower is included, which can be
switched off allowing for the necessary length in cooling molecu-
lar species through laser-frequency-chirp cooling.
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Figure 2. Expected compression and reduction of CaH axial
velocity following laser cooling and slowing. After subjecting the
molecules to laser cooling, the velocity slows from 300 meters
per second to 30 meters per second. Also, the width of the veloc-
ity distribution gets compressed to 15 centimeters per second,
which signifies a temperature of 0.1 millikelvin.
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Figure 3. A representation of the fiber-coupled laser ablation
source for generating species to be cooled and studied. A target
rod of precursor material (Li or CaH) is impinged upon by a high
peak power laser while rotating and translating. A novel fiber
delivery system was designed and built to carry the laser light to
the target. Some of the particles born in the hot plasma gener-
ated by the laser light are quickly assimilated and thermalized
in the dense carrier gas plume. Because they adopt the char-
acteristics of the colder, heavier carrier gas, this source serves
as a necessary starting point for subsequent laser cooling and
accumulation.
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Figure 5. Orbit of an injected and subsequently trapped Li atom
in the cusp-solenoid trap. The rectangles are the cross sections of
the two ring-shaped permanent-magnet solenoids. The magnets
are positioned on either side of the x-z plane, and a lithium atom
approaches the trap from the left near the horizontal (y) axis. The
trajectory is colored red where the atom is in the field-repelled
state and heading toward the magnets. Close to the left magnet,
a transition is made to the field-seeking state where the color
changes from red to green. Near the gap between the ring mag-
nets, a second transition returns the atom to the field-repelled
state, indicated by the switch to the blue color. The loops of the
blue-colored trajectory show the atom to be trapped near the
field minimum in the center after this second transition.
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Abstract

The ability to emit a high-power electron beam from a
magnetospheric spacecraft has the potential to open up
a new field of experimental space plasma physics and
greatly enhance our understanding of the near Earth en-
vironment. However, it has never bean realized because
of potentially catastrophic spacecraft charging problems.
Unlike the case of beam experiments in the ionosphere,
the tenuous magnetospheric plasma cannot provide the
return current necessary to keep the spacecraft charging
under control and alternative pathways must therefore
be sought. One such pathway is a concept where a high-
density contactor plasma is emitted prior and after the
electron beam to aid beam emission.

The goal of this project was to study the feasibility of
using a plasma contactor to allow the emission of a high-
power electron beam from a magnetospheric spacecraft.
Two strategies were envisioned. In the first the contactor
current is lower than the beam current and the contac-
tor is used to collect background electrons over a much
larger area than the spacecraft could cover alone. In the
second the contactor current is larger than the beam
current and the mitigation of spacecraft charging is
achieved via ion emission. We have performed state-of-
the-art simulations to compare the two strategies just
outlined. Our conclusion is that the electron collection
route is not viable since the contactor fails to draw a
large current from the background. lon emission, on the
other hand, is viable: the contactor allows ion emission
off its large, quasi-spherical cloud avoiding the space
charge limits that normally prevent ion beam emission.

This project has been successful in providing the critical
missing piece necessary for beam experiments to oper-
ate in the low-density magnetosphere via the contac-
tor technology. It also helped strengthen and further
develop important simulation capabilities that are now
also used for other programs.

Background and Research Objectives

The idea of using a high-power electron beam with
substantial current (of the order of 0.1 A) emitted by a
spacecraft to probe the magnetic field configuration of
the near Earth environment has been discussed since
the seventies [1]. It would allow critical, fundamental
understanding of how magnetic field topologies stretch
in response to their drivers, and where the instabilities
responsible for explosive energy transfer occur. These
are two open, long standing questions of space physics.
Unfortunately, the experimental realization of this idea
onboard a magnetospheric spacecraft has never been
accomplished because of catastrophic spacecraft charg-
ing problems.

Spacecraft charging is a common phenomenon in the
Earth’s magnetosphere (the region extending for hun-
dreds of thousands of km around the Earth, where the
Earth’s magnetic field governs the dynamics of the plas-
ma electrons and ions), where the spacecraft charges
due to the collection of plasma particles from the sur-
rounding plasma environment. Even at charge levels of
approximately 10-7 Coulombs harmful electrostatic dis-
charges on the spacecraft may occur, leading to electron-
ic upsets and sometimes even to total spacecraft failure.
Emitting an electron beam current from the spacecraft
implies leaving a positive charge on the spacecraft. If the
spacecraft cannot collect a current from the surrounding
environment that balances the beam current, it charges
to very high levels and creates an electric field that pulls
the electron beam back. These considerations explain
why spacecraft/electron-beam experiments have been
successfully operated in the ionosphere (the region of
the upper atmosphere extending from ~100 to 600 km)
[2]. In the ionosphere, the plasma is sufficiently dense to
provide a return current that can balance a ~0.1 A elec-
tron beam and spacecraft charging can be maintained at
safe levels. Unfortunately, spacecraft charging problems
become severe in the magnetosphere, where the plasma
density is too small. To give some reference parameters,
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at the geosynchronous orbit the thermal current from
the background plasma is of the order of tens of micro-A,
orders of magnitude lower than the ~0.1 A beam current.
The spacecraft would charge to 9 MV and prevent beam
emission. Indeed, spacecraft charging for electron beam
experiments in the magnetosphere has been pointed out
as an outstanding technical issue for space physics in the
recent decadal survey of the field [3].

A few years ago, an international LANL-lead team put
forward a new mission concept, called ConnEx, to probe
the Earth’s magnetic field configuration by means of a
high-power electron beam emitted by a magnetospheric
spacecraft [4]. The electron beam is used to trace magnetic
field lines from the magnetosphere to the ionosphere, as
can be seen in Figure 1. They proposed to use the plasma
contactor technology to resolve the spacecraft charging
problems discussed above. In essence, before firing the
electron beam, the spacecraft emits a high density, neutral
plasma (i.e. the contactor plasma). This creates a high-
density plasma reservoir near the spacecraft that supplies
the electron current needed to balance the beam current.
Over time the contactor cloud loses its electrons to the
spacecraft, leaving behind a positively charged contactor
cloud that can be neutralized by collecting electrons from
the surrounding environment. Therefore the contactor
plasma can be seen as a way to collect background elec-
trons over a much larger area than that given by the space-
craft alone and raise the background current from tens of
micro-A to ~0.1 A without incurring any catastrophically
large spacecraft potentials. The ConnEx team developed
the mission concept but was unable to demonstrate that
the contactor would mitigate spacecraft charging to safe
levels. Hence, they were unable to proceed with a mid-size
NASA Explorer mission proposal.

The goal of this project was to study the feasibility of using
a plasma contactor to allow the emission of a high-power
electron beam from a spacecraft far out in the magneto-
sphere, and to provide the critical missing piece for the
ConnEx mission proposal to go forward.

Scientific Approach and Accomplishments
The technical approach was based on Particle-In-Cell (PIC)
simulations to study spacecraft charging driven by electron
beam emission in different settings that included or not
the presence of the contactor plasma and/or the back-
ground magnetospheric plasma. The simulations of the full
system are very challenging, since the contactor plasma
has very high density and its characteristic scales are much
smaller than those of the background plasma. We have
employed a newly developed, state-of-the-art code for

PIC simulations on curvilinear grids called CPIC that was

further improved during the development of this project.
Theoretical analysis was used whenever possible in con-
nection with the simulation work.

Our most important accomplishments are the following.

Capability development

Relative to its competitors in the spacecraft charging area,
CPIC provides a unique simulation capability in the follow-
ing ways: 1) its formulation is independent of the geometry
of the problem (i.e. any geometry can be easily implement-
ed); 2) it uses body-fitted structured meshes to capture
complex geometry while maintaining efficient memory
access patterns (versus the unstructured meshes used by
competitors) and 3) does not need tracking algorithms to
localize the particles on the mesh alleviating significant
computational overhead. Hence, the last two points result
in lower algorithmic complexity and better performance

of the code. During this project, we further improved CPIC
in several critical ways. First, the solver used to obtain the
electric field from the plasma particles now leverages the
Black Box Multigrid (BoxMG) solver library. Multigrid is the
only solver that scales optimally with the problem size (i.e.,
the mesh resolution) for the kind of problems targeted in
this project. Moreover, the BoxMG technology is unique

in that it delivers this scaling, and corresponding perfor-
mance gain, on body-fitted meshes. Second, the code has
been extended from two to three spatial dimensions. In
addition, CPIC is equipped with algorithms for particle
motion that in certain geometries or model configurations
capture faster time scales analytically, leading to signifi-
cantly larger time steps (i.e. faster run time) without com-
promising the accuracy of the simulation. Finally, the code
has been parallelized using the domain decomposition
technique and now runs efficiently on hundreds of cores
of machines available through the LANL institutional high
performance computing program (e.g., Mapache). CPIC
has been verified against a number of standard tests and
known theories. References [5,6] describe some of the de-
velopment work on CPIC. With the improvements achieved
through this project, CPIC has matured into a powerful
research tool that can be used to address the challenges

of multiscale plasma physics, and is particularly suited for
studies of the interaction of plasmas with materials.

Failure of the electron collection strategy for beam ex-
periments in the magnetosphere

We have performed a simulation campaign to investigate
spacecraft charging under conditions relevant to ConnEx.
After injecting the contactor plasma for some time in order
to achieve contactor clouds of progressively larger vol-
umes, we have studied two cases where a) the contactor
injection is turned off while beam emission is turned on,
and b) the contactor injection is kept on (with ion contac-
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tor current lower than the beam current) while beam
emission is turned on. In the first case, after an initial tran-
sient that is mitigated by the size of the contactor cloud (as
expected, the larger the contactor cloud, the lower the rise
of the spacecraft potential) the spacecraft accumulates a
strong positive charge and pushes the ion contactor cloud
away. At this point contact between the spacecraft and the
ion contactor cloud is lost and the spacecraft returns to a
situation similar to the case when the contactor is absent
and incurs catastrophic spacecraft charging problems. In
the second case, contact between the spacecraft and the
ion cloud is maintained but the contactor is unable to draw
a neutralizing current from the background. Thus, for the
cases considered the electron beam could not be emitted.
This work identifies the inability of the contactor to draw a
large current from the magnetospheric background as the
weak link of an electron collection strategy for beam ex-
periments in the magnetosphere and the root cause of the
failure of this approach. Figure 2 shows the time evolution
of the spacecraft potential for some cases from the simula-
tion campaign a). These findings are presented in Ref. [7].

Identification of an alternative route for beam experi-
ments in the magnetosphere

One can envision an alternative strategy where the elec-
tron beam current is balanced by emitting an equal ion
current. However, emitting a ~0.1A ion beam is not viable
because ion emission is strongly space charge limited.

This means that as soon as the ions are emitted from the
spacecraft, strong electric fields develop and most of the
ions return to the spacecraft, letting only a tiny ion current
escape. By performing an extensive simulation campaign
where both the electron beam and contactor were oper-
ated simultaneously in a regime where the ion contactor
current is larger than the beam current [labeled as c)], we
have discovered that the contactor can be used as an ion
emitter. Basically the contactor emits ions off its large, qua-
si-spherical, outer surface. When this surface is sufficiently
large, space charge effects no longer limit ion emission. In
this way the contactor controls and mitigates the peak of
the spacecraft potential, and a sufficiently large contactor
cloud keeps spacecraft charging to safe levels that allow
beam emission. Figure 3 shows the time evolution of the
spacecraft potential for some cases obtained during simu-
lation campaign c): compared with Figure 2, one can see
the mitigation of the transient of the spacecraft potential
induced by the contactor. These findings are presented in
Reference [8].

In addition to the main accomplishments discussed above,
a success not originally planned was the discovery that the
most widely used theory of charging for a spherical object
in a plasma can break down in the limit when the object

is positively charged [9]. This result can have a remarkable
impact in magnetic fusion energy applications and is cur-
rently one of the focus of a proposal that an experimental
collaborator (Prof. Svetlana Ratynskaia) has submitted to
the European Union, in which we are external collabora-
tors. Furthermore, a new and more general model for the
steady state configuration of the expanded plasma plume
has been developed [10].

In concert with the computational and theoretical work,
this project also reached out to the community by co-
organizing a series of presentations on Scientific Magnetic
Mapping and Techniques at biannual meetings sponsored
by the National Science Foundation’s Geospace Environ-
ment Modeling program in space physics. Over the last
three years, this series of presentations included approxi-
mately 100 short talks, papers, and invited talks. These
presentations are archived at the website, bit.ly/gem_
mapping, and review papers are planned. This activity, at
the premier conference on the topic of magnetospheric
modeling, has served to raise the awareness of the many
facets of this challenging problem, as well as its strategic
importance.

Impact on National Missions

This project has been successful in several ways. First of
all, it created a significant experimental and programmatic
opportunity by establishing a fundamentally new path
forward for performing beam experiments in the magneto-
sphere. This new approach was the critical missing piece
that prevented LANL to go forward with a NASA mission
explorer proposal (in the $200-500M range) a few years
ago. We are in close contact with Reiner Friedel (NASA
point of contact at LANL), Eric Dors (program manager for
the Global Security Emerging Threats office at LANL) and
Herb Funsten (chief scientist in the Intelligence and Space
Research division at LANL) to capitalize on these results
and be ready for the next NASA mission explorer proposal
call (expected within the next year or so). The next step
that we will try to pursue is the experimental validation of
the results obtained by this project, and we plan to contin-
ue providing modeling support in this phase. Second, the
capabilities that were developed in part during this project
are now playing a major role in other programes, like the
DOE Fusion Energy Sciences program where CPIC is being
used to understand the transport of dust impurities in a
magnetic fusion energy reactor. Finally, our improved ca-
pabilities have helped us promote new collaborations with
groups outside LANL (like Prof. Svetlana Ratynskaia’s group
at the Royal Institute of Technology in Sweden in the area
of modeling and experiments of dust transport in plasmas),
increasing the visibility and impact of our program.
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Abstract

The staggering amount of carbon dioxide (CO2) pro-
duced annually has global ramifications and creates
technical restrictions that dictate the viability of poten-
tial solutions. As a result, any practical proposal for CO2
remediation must minimize economic cost by requiring
low energy input and using abundant materials. While
sequestration has been proposed as a solution to this
problem, an alternative that off-sets the costs involved
in remediation is to take a cue from Nature and convert
CO2 into value-added products as is done in photosyn-
thesis. As CO2 is the most abundant C1 feedstock on
the planet, a mild route for its conversion into methanol
(MeOH) would prove to be valuable. The importance of
MeOH in this regard is that, as a precursor to a multitude
of products (including formaldehyde, dimethyl ether,
transesterefied biodiesel, and even gasoline), the chance
of oversupply is low. The work outlined in this proposal
approaches this goal in a 3-step manner defined by (1)
the binding and activation of CO2, (2) reduction of the
activated complex by a hydrogen gas (H2) carrier, and (3)
release of MeOH and water followed by coordination of
another equivalent of CO2. The fundamental platform
we will use for this chemistry is based around the con-
cept of frustrated Lewis pairs (FLPs), which arise when
an electron pair donor (Lewis base) and an electron

pair acceptor (Lewis acid) are precluded from forming

a stable adduct by the size of their respective support-
ing substituents. This unquenched (i.e. “frustrated”)
Lewis acid/base combination exhibits interesting reactiv-
ity, including small molecule activation and metal-free
catalysis.

In the process of task 1, we will synthesize a library of
FLPs with systematic variations in the character and
electronic nature of the components. The interaction of
these FLPs with CO2 will then be characterized in order
to support task 2. Various Lewis-pair H2 carriers (such
as ammonia borane) will then be investigated for their
ability to convert bound CO2 into MeOH and for their

resilience to the reaction conditions. The final step, task
3, will be to turn the system catalytic by regeneration of
the H2 carrier and recovery of the intact FLP. Our work
in this area will involve evaluating the transferability of
ammonia borane regeneration to other dehydrogenated
main group materials along with the development of
carriers that activate H2 directly. The ultimate goal of
this project is to construct a system comprised of two
separate FLPs, one that cleaves H2 and one that binds
CO2. When this FLP combination is fed an input mixture
of CO2/H2, the reduction of CO2 to MeOH in one pot
will occur without requiring any external regeneration
of the components. Such a system based on main group
materials could be implementable on a worldwide scale
and would position LANL for further funding opportuni-
ties in co-development with H2 generation from cata-
lyzed photolytic water splitting. Combined, the culmina-
tion of these two areas would move us closer to creating
a synthetic analogue of photosynthesis in support of
domestic energy security.

Background and Research Objectives

The large-scale release of CO2 into the atmosphere

has become an issue of worldwide attention due to its
deleterious environmental effects. The issue is further
exacerbated by the rapid growth and industrialization of
developing countries. However, Nature, in the form of
photosynthesis, has shown us that the solution is not to
treat CO2 as waste (conventional sequestration), but to
utilize it as a C1 feedstock for organic compounds. Many
known synthetic systems for reducing CO2 are based
around expensive and non-abundant metals. These are
not practical on a global scale, and current industrial
methods require high pressures and temperatures which
are energy intensive and therefore expensive. Frustrat-
ed Lewis pairs (FLPs), based on abundant main-group el-
ements, have been shown to exhibit interesting catalytic
activity. However, the use of FLPs for CO2 conversion is
currently beset with problems such as recycling of the
H2 carrier and stability of the FLP.
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CO2 is a relatively inert polarized molecule with linear ge-
ometry consisting of a sp-hybridized carbon coordinated to
two oxygen atoms with short (1.16 A) C=0 double bonds.
While hydrogenation to form MeOH and H20 is thermody-
namically favorable (AHO -131 kJ/mol, AGO -9 kJ/mol), the
activation barrier is prohibitive without a catalyst. CO2 can
form complexes in three main modes: (1) nl-coordination
through carbon to an electron rich atom (a Lewis base), (2)
nl-coordination by oxygen to an electron deficient atom (a
Lewis acid), and (3) in an n2-fashion as a m-complex to an
atom with both donor and acceptor properties.

Frustrated Lewis pairs (FLPs) are systems containing both
a Lewis acid (electron pair acceptor) and a Lewis base
(electron pair donor) which are prevented from forming a
stable adduct due to the steric requirements of the sub-
stituents. The result is a molecule that has unusual and
interesting reactivity resulting from the unquenched Lewis
acidity and basicity. A simple example was first described
by Brown et al. in 1942 in which lutidine and BF3 formed
an adduct while no adduct was observed when BMe3 was
substituted for BF3.

The FLP tBu3P/B(C6F5)3 is known to react with CO2 at
room temperature by binding both the carbon and one
oxygen of CO2. When heated to 70 oC, this molecule
releases CO2 and the FLP can be recovered. CO2 can also
be reversibly bound by the ethyl linked FLP (C6H2Me3)2P-
C2H4-B(C6H5)3, although the release of CO2 occurs at -20
oC.

A more recent example uses an 2AIX3/P(C6H3Me3)3 (X =
Cl, Br) system to give a rare example of double activation
of CO2 in which two Al-O bonds are formed. Ammonia
borane (AB) can then be used as a H2 transfer reagent to
reduce the bound CO2 to a methoxide group at room tem-
perature. While this is a promising route for the conver-
sion of CO2 to MeOH, there is a significant barrier to turn-
ing this process catalytic. However, it nonetheless provides
a proof-of-concept conversion of CO2 to MeOH using a FLP
system. The two primary barriers that prevent this system
from being catalytically useful stem from the sacrifice of
the Lewis acid (irreversible formation of Al-O bonds) and
the generation of products that are incompatible with the
H2 carrier. In the case of AB, we have observed in our prior
research that acidic conditions will catalyze the dehydro-
genation of AB relatively rapidly. Protic solvents can also
facilitate dehydrogenation, leading to B(OR)3 (R = H, alkyl)
species which are difficult to regenerate to AB because of
the thermodynamic stability of the B-O bond.

We note in passing that FLPs have been developed that
activate other small molecules. In particular, H2 can be
heterolytically cleaved to yield a hydride (H-) on the Lewis

acid and a proton (H+) on the Lewis base. This separated
hydrogen molecule can readily recombine, demonstrating
the reversibility of this process. This observation has led

to the use of FLPs in metal-free catalytic hydrogenation
reactions of various substrates including imines, aziridines,
enamines and silylenolethers. FLPs have also been used

to activate other small molecules such as tetrahydrofuran
(THF), isocyanates, aldehydes, alkenes, alkynes, and CO2.
We also note that AB itself has separated hydrides and pro-
tons akin to FLP activated H2.

Scientific Approach and Accomplishments
Our proposed method for addressing the catalytic reduc-
tion of CO2 by FLP systems can be broken down into three
subtasks: (1) bind and activate CO2, (2) reduce (hydroge-
nate) the bound CO2, and (3) release the products and
recover the catalyst and H2 transfer agent. The activation
of CO2 by FLPs has been demonstrated, so efforts in task

1 will concentrate on creating a library of FLP adducts that
we can use to methodically tune the electronic and steric
effects to best enable the subsequent steps. Through
various spectroscopic techniques such as infrared (IR)
spectroscopy and nuclear magnetic resonance (NMR), we
will be able to describe the electronic structure of these
systems and quantify the degree of C=0 bond activa-

tion. Initial efforts in task 2 will utilize AB to demonstrate
reactivity, but in consideration of task 3 we will then move
to phosphine-borane systems. A significant portion of our
efforts in this area will concentrate on the mechanistic
aspects of reduction in order to identify important reaction
steps and intermediates which will provide a rational basis
for system modification. Task 3 will be accomplished using
FLP systems that do not undergo decomposition or other
irreversible reactions in the presence of H20 and MeOH.
Based on the generality of our AB regeneration scheme,
this route should be transferable to the regeneration of the
phosphine-boranes we use in task 2. Ultimately, we will
work towards the development of a double FLP-based sys-
tem that can generate MeOH from a CO2/H2 input stream.

In our research efforts on the use of AB as a H2 carrier, we
have extensively studied the properties of this material,
which is itself a Lewis acid/base system (i.e. a non-frustrat-
ed Lewis pair). One of the significant results to arise from
this work is the ability to regenerate AB from multiple de-
hydrogenation products in a clean manner using hydrazine
as the reductant in a cycle that only consumes a modest
amount of H2 with all other components being recycled.
Note that in its role as a H2 carrier, AB can either release
H2 itself as a gas, or it can serve as an “H2” transfer agent
by directly delivering reducing equivalents to a substrate as
in Figure 4 (vide supra).
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The nature of a FLP can be varied by changing the donor
and/or acceptor, according to the electronic influence of
the supporting substituents and the size of those substitu-
ents. This modular system enables us to tune the reactiv-
ity of individual components. Specifically, we propose to
explore N-B, N-Al, P-B, and P-Al pairs using organic sup-
ports on N and P. The substituents on the Lewis acid will
include halides, alkyl, aryl and alkyl- and aryl-oxides. This
modularity will be used to systematically vary our FLPs in
order to engineer a system that is resistant to the resultant
alcohol and to the reaction medium.

The coordination and activation of CO2 will be accom-
plished by creating a library of Lewis pairs and exposing
them to CO2 under a variety of pressures and tempera-
tures. We will also investigate the effect of adding ad-
ditional equivalents of the Lewis acid to coordinate both
CO2 oxygen atoms as this may be a key component of
enhanced CO2 activation. Infrared (IR) spectroscopy will
be a rapid and effective technique in determining CO2 liga-
tion due to the large change in C-O stretching frequency
that will occur upon activation or binding. The pairs that
activate CO2 will then be characterized in terms of their
thermal stability and susceptibility to CO2 loss. A range
of spectroscopic techniques will enable us to extensively
characterize these compounds. Nuclear magnetic reso-
nance (NMR) will be the primary method of characteriza-
tion as most of the nuclei pertinent to this study are read-
ily observable via this technique (31P, 13C, 11B, 27Al and
1H). However, in addition to the shifts in electron density
guantified through NMR, DFT calculations and isotopic
substitution IR spectroscopy (i.e. use of 13C and 180-
labeled CO-2) will provide additional data on the nature of
these species. Finally, where feasible, single crystal X-ray
crystallography will be used to verify spectroscopically as-
signed structures. These experiments will give insight into
the localization of the electrons and elucidate the nature
and extent of activation. The thermodynamic parameters
of reduction will be probed using electrochemistry and
spectroelectrochemistry, which will give valuable guidance
on choosing the right H2 carrier for the multi-electron
reduction process. Although there are examples of CO2
ligation by FLPs, this systematic experimentation on FLP
activation of CO2 has not been attempted previously. We
expect that this area will present technical challenges, but
none beyond the normal challenges in exploratory syn-
thetic chemistry.

The second aspect of our proposed work is the reduction
of activated CO2 with a H2 carrier. It has been shown both
theoretically and experimentally that AB is an effective

H2 transfer agent. We will use AB in the initial stages of
evaluating the reduction of various FLP-bound CO2 spe-

cies. We already know that AB itself will not be well suited
for the goals of Task 3 (releasing product and recovering
catalyst and H2 transfer agent). The technical reason is
that AB readily reacts with MeOH and H20 to form B-O
bonds which cause its regeneration to be energetically ex-
pensive. Nonetheless, in initial reduction experiments we
will use AB owing to its favorable dehydrogenation ther-
modynamics and that it will provide useful information on
the behavior of our FLP-CO2 systems under stoichiometric
conditions. Itis expected that the majority of the experi-
mental and theoretical work in this area of the project

will involve mechanistic studies to determine the reaction
pathway and whether it involves concerted or step-wise
addition of H equivalents. The experimental mechanistic
studies will make use of anticipated intermediates such

as formaldehyde and formic acid in order to elucidate
their interaction with the FLPs that we study. The primary
technical challenge in this area will be the identification

of H2 carriers that do not decompose under the reaction
conditions. It has been observed by us and reported by
others that phosphine-borane adducts exhibit increased
stability compared to amine-borane adducts. We will seek
to exploit this decreased sensitivity and examine these as
possible H2 carriers by experiment and thermodynamic
calculations. We will also use FLP systems known to cleave
H2, and our overall strategy for this will be discussed fur-
ther in the following section.

The final aspect of this work will be to develop conditions
where all components are recovered and a true catalytic
process can operate. Based on the generality of the AB
regeneration process we have developed (vide supra) and
its believed mechanism, we expect that this route can be
applied to regenerate dehydrogenated phosphine-borane
materials. Based on the thermodynamic stability of P-B
over N-B, we do not believe that the use of NH3 as a
solvent will pose any significant challenge. However, the
use of any H2 carrier that requires external regeneration
increases the complexity and expense of the cycle. Our
goal in this area is to use a H2 carrier that interacts with
H2 directly and can be regenerated directly from H2 gas.
In this regime, the input stream would simply contain H2
and CO2. Our approach to this will be a double FLP system
(i.e. two separate FLPs) as FLPs that react with H2 more
strongly than CO2 are known. We will use the results from
our CO2 activation and mechanistic studies as a guide to
likely FLP combinations, and then perform competition
experiments monitored via NMR to determine relative
binding affinities. A potential challenge in this approach
will be cross-interaction between FLP constituents, but it is
expected that there will be an equilibrium mixture rather
than deactivation due to the nature of the FLP bond. A
second potential challenge is that there may be no FLP
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combination which reacts with CO2 preferentially over H2.
However, the insertion of CO2 into a FLP-H2 complex and
its subsequent reduction has been demonstrated, albeit in
a non-regenerable fashion or using a sacrificial reductant.
So, it is possible that a single FLP may in fact react with
both CO2 and H2 directly to form MeOH and we intend to
fully explore this possibility.

A variety of FLPs have been shown to bind CO2, but rela-
tively few FLPs support the conversion of CO2 into useful
reduction products such as MeOH or CH4. In particular,
Stephan et al. reported that PMes3/AICI3 and PMes3/AIBr3
systems react with CO2 and ammonia borane (NH3BH3) to
form MeOH upon quenching with water. While this reac-
tion proceeds under ambient conditions, the aluminium-
oxygen bonds formed during quenching preclude catalytic
reactivity. The pathway for this reaction is not clear, with
computational results arguing a step-wise mechanism,
while further experimental results support the possibility
of a more complicated mechanism involving dissociation
of components from the PR3(CO2)(AIX3)2 adduct. More
recently, using the concept of enhancing FLP reactivity
through geometric constraint (preorganization) demon-
strated in CO2 binding, A viscinal P-B molecule that could
catalyze the formation of methoxyborates from CO2 and
various borane-based reducing agents was reported. As
with PMes/AIX3, MeOH is released upon quenching with
H20, albeit with the formation of boric acid (a thermody-
namic sink).

One of the limiting factors in this chemistry is the oxophi-
licity of B and Al. Not only does this cause an issue with
concomitant H20 formation during CO2 conversion to
MeOH (assuming hydrogenation as the model), but it also
necessitates high temperatures if thermal extrusion of
MeOH is attempted. Our hypothesis at the outset of this
work was that the use of B- and Al-esters could protect
the catalyst from this interaction and the H20-sensitivity
of this class of complexes. While complexes of the type
A(OR)3 (A =B,Al, R = Me, iPr, tBu, Ph) are available com-
mercially, they do not exhibit reactivity with CO2 when
paired with PCy3 or PPh3. This negative result is likely
because of the decreased Lewis acidity of these acids rela-
tive to acids such as B(C6F5)3, AICI3, and AIBr3 which do
bind CO2.

AI(OC6F5)3 (F-5) is a dimeric complex in the solid state
([AI{OC6F5)3]2) that can be synthesized by addition of
AIEt3 to a toluene solution of HOC6F5. Similar reaction
conditions using HOC6CI5 and HOC6H2CI3 can be used to
synthesize [AI(OC6CI5)3]2 ((CI-5)2) and [AI(OC6H2CI3)3]2
((CI-3)2) respectively. (ClI-5)2 is insoluble in toluene, and
so crashes out of solution as a white solid during synthe-
sis. In contrast, (CI3)2 is slightly soluble in toluene and can

thus be crystallized if necessary (Figure 1). While we did
not obtain a solid-state structure of (Cl-5)2, based upon
(F-5)2 and (CI-3)2 as well as others such as [Al(OtBu)3]2,
[Al(O-2,6-Me2Ph)3]2, and [AI(OCH(CF3)2)3]2, it is reason-
able to believe that it too adopts a dimeric structure. This
would also be consistent with its insolubility.

Comparing the metrical parameters of (F-5)2 and (CI-3)2
we see the same approximately tetrahedral arrangement
of O atoms around each Al atom with a pinched internal
0O-Al-0 angle and an expanded external O-Al-O angle.
While there is an initial suggestion of correlation between
the Al-O and Al-Al distances and Lewis acidity given the
expected Lewis Acidity of F-5 and CI-3, the parameters

of other dimeric complexes such as [Al(O-2,6-Me2Ph)3]2
argue against this.

Addition of PPh3 to (CI-3)2 allowed for the isolation of
(PPh3)CI-3 from toluene and its structural determina-

tion (Figure 2). The Al-P bond length is 2.438(4) A. To

the best of our knowledge PPh3 adducts of aryl Al esters
of this type have not been previously structurally charac-
terized, and thus we cannot draw upon direct structural
comparisons . However, a few reference PPh3-Al adducts
are available in the Cambridge Structural Database. The
Al-P bond lengths in (PPh3)AIEt3 and (PPh3)AlMe3 are
2.5413(4) A and 2.5329 A respectively. For (PPh3)AICI3
and (PPh3)AI(OC(CF3)3)3, this distance is 2.4296(15) A and
2.445 A. The longest Al-P bond length in the alkyl alu-
minium complexes is consistent with the concept that they
are the most electron rich and thus least Lewis acidic. It is
also reasonable that PPh3-AICI3 would show a shorter Al-P
distance. The observation of an increased Al-P distance
within (PPh3)AI(OC(CF3)3)3 could be due more favour-
able hydrogen bonding interactions. Attempts to quantify
the Lewis Acidity trend via the 31P NMR shift of OPEt3
were ambiguous due lack of clear 1:1 OPEt3-AIOR3 adduct
formation.

DFT (B3LYP/DZVP2) and G3MP2 calculations on the bond
dissociation free energies of AIX3/PR3 (X = H,F,Cl,Br,CH3;

R = H, CH3) adducts are not consistent with a clear trend
along the halogens (consistent with the varied rankings
available in the literature), but it is clear that more elec-
tron-rich phosphines bind more tightly (PH3 vs. PMe3) and
that more electron-rich alanes bind more loosely (AIH3 vs.
AlMe3 vs. AIX3, X =F, Cl, Br).

Similar to PPh3-AI(OC(CF3))3, we did not observe splitting
of H2 with PPh3-F-5, but the PPh3 adduct did bind CO2.
However, these early experiments displayed indications
of aryl C-H activation and so further work was conducted
using PCy3 despite the expected higher binding energy
(more electron-rich phosphane). PCy3-CI-3 shows slow
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C-H activation of CH2CI2, with appearance of [HPCy3]+ in
the 31P NMR spectrum.

Testing for CO2 reactivity was accomplished by exposing

a degassed solution or mixture of PCy3 and Lewis acid to
ca. 1 atm. of 13C0O2 and then examining the 13C{1H} and
31P{1H} NMR spectra. In contrast to Al(QiPr)3, Al(OtBu)3,
and Al(OPh)3, F-5, CI-3, and CI-5 all bind CO2 with diagnos-
tic 31P-13C coupling (Figure 3).

The Al systems structurally characterized by Stephen et

al. show that there is a 2:1:1 Al:CO2:P ratio. In contrast,
reports of known B-based Lewis acid FLP-CO2 complexes
predominantly have a 1:1:1 B:CO2:P ratio. This difference
likely arises from the decreased Lewis acidity and oxophi-
licity of B relative to Al. This would also be consistent with
known pre-organized P-Al complexes lacking electron-
withdrawing groups binding CO2 with only one Al. While
we were unable to obtain a solid-state structure of a CO2
adduct, the solution 13C{1H} and 31P{1H} NMR spectra

of our Al-ester-CO2 adducts are consistent with a mixture
consisting of mostly the 1:1:1 complex when 13C02 is
added to a 1:2 PCy3:CI-3 mixture. It would be expected
that the CO2 C atom would have less electron density
when two Lewis acids are coordinated to the CO2 moiety
rather than one of the same. This is consistent with the
observed shift in the NMR spectra where the C atom is ef-
fectively deshielded. Taking this view, this Al ester is more
akin to Lewis acids such as B(C6F5)3 than AIX3 in terms

of FLP reactivity. As the aryl substituent is adjusted going
to CI-5 and then F5, this balance changes and the mixture
becomes more biased towards bis coordination (Figure 5).
This is a trend that tracks with what one may predict based
on trends in substituent electron-withdrawing ability. The
stronger the Lewis acid, the greater the average number of
acids per CO2.

Regardless of the ratio, addition of NH3BH3 to PCy3/C02/
AI(OR)3 (F-5, CI-5, ClI-3) systems resulted in complete con-
version of PCy3 to [HPCy3]+ as determined by 31P{1H} and
31P NMR spectra. 13C{1H} NMR spectra show a methoxy
group (presumably coordinated to Al(OR)3) along with for-
mate in the case of F-5 and CI-3. Addition of H20 to these
mixtures releases MeOH, but results in the decomposition
of the Al esters.

Aluminum esters derived from halogenated aromatic
alcohols were synthesized and tested as Lewis acids for the
FLP-mediated reduction of CO2. While F-5, CI-5, and CI-3
were competent in this regard when paired with PCy3, the
reaction could not be made catalytic due to the need to
qguench the resulting complex with H20 in order to release
MeOH. Stoichiometric quantities would not likely decom-
pose these esters immediately, the FLP would still need

to be regenerated from the resulting H20 adduct. These
results reinforce the need to develop systems that can
release MeOH under mild thermolsyis rather than depend
on falling further down a thermodynamic sink through the
formation of Al (and B) oxides and hydroxides; a limitation
that even catalytic FLP-mediated CO2 reduction to MeOH
suffers.

Impact on National Missions

Due to concern over CO2 as a greenhouse gas, the DOE has
taken steps to develop the conversion of CO2 to value-
added products such as fuels and feedstocks. In order to
do this effectively on a large scale, cost and material avail-
ability must be considered. Moving away from precious
metals to main-group elements as catalysts has enabled

us to develop a catalytic system for CO2 reduction which
would not only be relatively cost-efficient, but also support
the DOE & LANL Grand Challenges.

The DOE has recently been making major efforts to de-
velop research on the conversion of CO2 into useful
feedstocks and fuels. To this end, it is essential that LANL
becomes an innovative leader in this area of basic energy
science. Investments in low-cost (i.e. non-precious metal)
catalytic routes to reduce CO2 are also a key component
in developing a secure domestic energy portfolio. With a
wealth of experience in main-group chemistry and build-
ing upon the Lewis acid/base chemistry already devel-
oped with ammonia borane, Andrew Sutton and Nathan
Smythe have strived to develop non-metal based catalytic
systems for the reduction of CO2 to methanol and ad-
ditional substrates of important synthetic utility. This will
help develop the current synthetic capabilities for clean,
sustainable energy technologies currently at LANL and will
not only mitigate the environmental effects of CO2, but it
will also help reduce our Nation’s dependence on foreign
energy sources. The proposed work supports the Energy
and Earth Systems grand challenge, which is expected to
remain a core LANL mission in the years to come.

Figure 1. X-Ray crystal structure of () with hydrogen atoms and
toluene omitted, 50% thermal ellipsoids.
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Figure 2. X-Ray crystal structure of PPh- with hydrogen atoms
omitted and 50% thermal ellipsoids.
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Figure 3. C{H} and P{H} NMR spectra (inset) of CO addition to a
1:1 mixture of PCy:Al{(OCHCI) in CHCI showing P-C coupling.
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Figure 4. C{H} and P{H} NMR spectra (inset) of CO addition to a
1:1 mixture of PCy:Al{OCHCI) in CHCI showing P-C coupling.
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Abstract

This project aimed to produce and study collisionless
shocks in a laboratory plasma experiment. Although
collisionless plasma shocks were first proposed in the
1950’s and observed via space satellites in the earth’s
magnetosphere in the 1960’s, much remains unknown
about the shock formation mechanisms, structure, and
particle energization dynamics, on which laboratory
experiments could shed light and provide valuable data
for benchmarking state-of-the-art numerical simula-
tions. This project was successful in adapting an existing
laboratory and upgrading and fielding new diagnostics
to carry out successful plasma shock studies, although
whether we successfully produced collisionless shocks

is still an outstanding question subject to further analy-
sis of large datasets collected toward the end of this
project. Major published results include (1) the detailed
characterization of supersonic plasma jets that were
used in generating plasma shocks, (2) generation and
detailed characterization of collisional plasma shocks,
and (3) observation of a unique regime in which merg-
ing plasmas initially undergo collisionless interpenetra-
tion followed by a transition to collisional stagnation. A
fourth result being written up for publication is the de-
tailed observation of magnetic Rayleigh-Taylor instability
growth and evolution, a result which was unplanned but
appeared in our experiments fortuitously.

Background and Research Objectives
Collisionless shocks play an important role in energy
transport and the evolution of particle distribution func-
tions in space and astrophysical environments. Howev-
er, many research questions relating to the microscopic
physics of collisionless shock formation, evolution, and
shock acceleration of particles to very high energies
still remain unanswered. Although laboratory studies
of collisionless shocks have been conducted since the
1960’s, a recent renaissance of laboratory collisionless
shock studies stems from the recognition (and result-
ing excitement) that modern laboratory plasmas can

satisfy key physics criteria for the shocks to have “cosmic
relevance.” This project aimed to establish a new and
unique experimental platform for creating/studying
collisionless shocks and shock-particle interactions with
cosmic relevance. We used the head-on collision of two
high velocity plasma jets formed/launched by plasma
railguns to generate/study plasma shocks across col-
lisionality regimes. Compared to other modern experi-
ments, the proposed experiments have: (1) larger shock
spatial size (up to 30 cm wide and a few cm thick) and
longer shock time duration (several us), allowing for de-
tailed diagnosis and characterization of shock structure,
evolution, downstream plasma parameters, and shock-
particle interactions; and (2) independent application

of magnetic field via coils that can be oriented either
parallel or perpendicular to the direction of shock propa-
gation. Obtaining physical insights into and experimen-
tal data on the scaling of collisionless shock structure,
evolution, and their effects on particle dynamics were
the primary objectives of the proposed work.

Scientific Approach and Accomplishments
We studied the merging of two railgun-driven supersonic
plasma jets in two different geometries: oblique and
head-on merging. The oblique merging was deliberately
performed in a more collisional regime in order to form
and study collisional plasma shocks, important to have

a baseline but also of relevance to the application of
plasma-jet-driven magneto-inertial fusion [1]. Experi-
ments were conducted on the Plasma Liner Experiment
(PLX), which was built under the sponsorship of the DOE
Office of Fusion Energy Sciences.

We first studied and documented the parameters and
evolution of a single propagating plasma jet [2], both to
benchmark numerical simulations [3] of our plasma jets
and merging experiments and to build confidence in our
knowledge of the jet parameters upon merging. The lat-
ter is critical for establishing whether the jet interaction
is collisional or collisionless.
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Next, we studied oblique jet merging in a collisional regime
(Figure 1), where we observed a very interesting multi-lay-
er emission structure in the stagnation layer that formed
between the merging jets. Through detailed analysis of
the fast-framing images (Figure 1) in coordination with
multi-chord interometer and visible spectroscopy, and

in comparison with shock theory and multi-fluid plasma
simulations, we were able to establish that these observa-
tions are consistent with collisional oblique plasma shocks
[4,5]. These observations constitute quite possibly the
most detailed laboratory characterization of a collisional
plasma shock in the published literature.

Following the obliqgue merging studies, we re-arranged our
plasma jets into head-on merging geometry, which allowed
us to access more collisionless regimes by nature of the
lower density due to longer jet propagation distance (and
expansion) before merging, and the gain in relative veloc-
ity due to elimination of the oblique merging angle. These
experiments led to a set of very interesting results (Figure
2). Again, through careful analysis of interferometer and
spectroscopy data and comparisons with plasma collision-
ality theory, we were able to establish that, at early time
in the interaction, the plasma jets interpenetrated in a
collisionless manner but then transitioned to collisional
stagnation due to a dynamically rising mean-charge state
Z [6]. The latter arose due to frictional heating of the elec-
trons in one jet by the directed ions of the opposing jet.
The counterstreaming ion collisionality depends on Z-4,
and thus even a small rise in Z led to a very quick transition
from a collisionless to collisional interaction. Because we
used argon plasma jets, and had a sizable impurity popu-
lation, the equation-of-state (EOS) was complex, i.e., the
ionization state as a function of local density and tempera-
ture was not easily predictable. Thus, our dataset offers

a unique opportunity to validate state-of-the-art plasma
physics models of collisionality in the presence of complex
EOS. In fact, collaborator Tech-X, which sells a commercial
radiation-magnetohydrodynamics (MHD) code USIM, has
asked to use our data for validation of their code in a DOE
proposal they are writing.

Upon completion of these initial head-on merging ex-
periments, we installed an in-chamber Helmholtz coil to
introduce a magnetic field to the head-on jet-interaction
region and performed a series of scoping experiments to
get to even lower density and higher velocity for magne-
tized collisionless shock generation. During these scoping
experiments with the Helmholtz applied magnetic field,
we encountered a result for which we had not planned:

a trailing portion of a plasma jet decelerated against the
stagnated plasma that formed initially from the head-on
merging of the leading portions of each jet. The decelerat-

ing plasma interface clearly showed the growth and evolu-
tion of Rayleigh-Taylor (RT) instability “fingers” (Figure

3). Furthermore, the RT fingers progressed toward longer
wavelength, possibly due to a combination of magnetic
stabilization and viscous damping. This multi-frame data
of RT-instability evolution is completely unique and can
be used to validate a multitude of ASC codes used for
stockpile stewardship. University of New Mexico gradu-
ate student Colin Adams, who worked full-time on PLX for
his Ph.D. dissertation research, is writing up this result for
publication.

Our final experimental campaign, conducted over the final
two months of this three-year project, focused on the
highest velocity and lowest-density experiments we could
perform while still being able to detect useful diagnostic
signals. Data analysis is still ongoing to see whether we
were able to successfully generate a collisionless magne-
tized plasma shock. The difficulty in generating a collision-
less plasma shock was higher than expected due to the
level of impurities present in our railguns. The impurities
led to Z>1, even in experiments using injected hydrogen,

Impact on National Missions

This work supports HEDPF (High-energy-density plasmas
and fluids) strategy of the NPF (Nuclear and Particle Fu-
tures) Pillar by advancing plasma physics, plasma astro-
physics, and experimental capability. It also supports the
Lab’s energy security mission through the connection of
this work to a potential low-cost development path to
fusion energy (both through Office of Science and ARPA-E
programs).

L5-=] LFe] 100 LI -]
T femmld

Figure 1. Fast-framing camera images of oblique merging of
two supersonic plasma jets in a collisional regime.
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Figure 2. Fast-framing camera images of head-on supersonic
jet merging in an initially collisionless regime (a) that then transi-
tions to collisional stagnation and collisional shock formation

(d-f).

Figure 3. Fast-framing camera images of Rayleigh-Taylor insta-
bility evolution at a decelerating plasma interface.
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Abstract

Understanding and characterizing oceans and atmo-
spheres is very challenging owing to the vast range of
spatial and temporal scales and the highly nonlinear
nature of fluid flows. Rotation and stratification heav-
ily influence these geophysical flows, leading to further
challenges in their simulation, even with the fastest
modern supercomputers. Further, many systems of
equations that govern science important to the DOE
exhibit similar properties; this LDRD project has had
impacts on both the particular rotating/stratified prob-
lem and on the general algorithmic approach to a broad
class of physics problems. This project has advanced the
field in the at least three directions. First, we developed
a new understanding of the separation of slow and fast
time scales in rotating and stratified fluids and provided
new diagnostics and a new way of viewing three (rather
than two) time-scale interactions. We also developed
new understanding, through laboratory experiments, of
the nature of the structures of heat transport in rotating
flow. Finally, we developed a novel method for numeri-
cally computing a ‘locally slow’ solution for systems of
equations that exhibit scale separation including, for
example, important problems in plasma physics and
magnetohydrodynamics. This approach leads to a highly
efficient parallel-in-time algorithm that could enable a
far higher degree of parallelism for exascale comput-
ing than previously possible. The general nature of the
algorithm is supported by theorems that bound the con-
vergence rate for all systems of equations that exhibit
this phenomenon. The algorithm has been tested for
rotating and stratified flows with promising results and
is already the topic of active research for climate and
Tokamak simulations.

Background and Research Objectives

The ocean and atmosphere exhibit an enormous dynam-
ical range in temporal scales, which makes the analysis
and numerical simulation of such systems challenging.
Charney [1] derived the first tractable model for weather

prediction by filtering out the fast (acoustic and gravity)
waves. The neglected fast waves, however, feedback into
the slow wave dynamics and can have physical signifi-
cance, and using such reduced systems can lead to incor-
rect physics. Unfortunately, the large range of temporal
scales in the ocean and atmosphere imposes unreason-
ably small time numerical constraints and represents a
fundamental barrier to higher fidelity simulations.

A major goal of this LDRD is to understand the effect of
this slow/fast wave interaction, and, in particular, the
manner in which the fast waves transfer energy into the
large-scale, slow wave dynamics. To accomplish this
goal, a decomposition into regimes of behavior domi-
nated by rotation, stratification, or both is essential and
provides a basis for exploring these interesting regimes
of parameter space. A portion of this work also uses
laboratory experiments to investigate the structures that
participate in heat transport. A second goal is the devel-
opment of time-stepping methods that take advantage
of the slow behavior in order to capture the full dynam-
ics without sacrificing either important physical effects
or with the speed of using less accurate reduced models.

Scientific Approach and Accomplishments
Motivated by these questions, this LDRD project has
three parts: 1) a new theoretical framework for under-
standing the interaction between slow and fast waves
(see [2] and [3]) and the nature of structures in different
limits, and 2) a new parallel-in-time numerical integrator
that utilizes the slow asymptotic structure to yield orders
of magnitude speedup (see [4] and [5]), and 3) new
experiments that explore the role of localized structures,
e.g., tornados, in the transport of heat and momentum
in rapidly rotating fluid flows.

We analyzed the effect of non-slow (typically fast)
components of a rotating, stratified Boussinesq flow on
the dynamics of the slow part (manifold) [1]. To do so,
a decomposition that isolates the part of the flow living
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on the slow manifold is used to investigate three distinct
asymptotic limits (with corresponding reduced equations):
rapid rotation, strong stratification, and simultaneously
strong stratification and rapid rotation (quasi-geostrophy).
Numerical simulations are also performed for each of
these limits. The numerical experiments indicate that for
the geometry considered (triply periodic) and the type of
forcing applied, the fluctuations act as a conduit, mov-

ing energy onto the slow manifold. This decomposition
also clarifies how the energy is exchanged when either
the stratification or the rotation is weak. In the quasi-geo-
strophic limit most of the energy transfer is between slow
potential energy and slow kinetic energy, but the energet-
ics owing to fluctuations are less clear. It is also observed
that in each case the energy on the slow manifold equili-
brates to a quasi-steady value. In addition, we extended
this analysis to the case of three separated time scales [3].

We developed a new time-stepping method to integrate
nonlinear PDEs that exhibit scale separation in time of a
highly oscillatory nature [3] called Asymptotic-Parallel-in-
Time. The algorithm combines the parareal method - a
parallel-in-time scheme - with on-the-fly temporal homog-
enization, which makes use of the locally slow asymptotic
structure of the equations. It is demonstrated in [3] that
orders of magnitude parallel speedup are obtained rela-
tive to exponential integrators and Strang splitting (both of
which solve the stiff oscillatory part exactly and therefore
serve as a stringent comparison). To make this algorithm
practical for general domains and spatial discretizations,

a new (independent) time-parallel method for applying
the operator exponential was also developed [4]. Principal
advantages of this new method include: stability even for
large time-steps, the ability to parallelize in time over many
characteristic wavelengths, and large speed-ups over exist-
ing methods.

In order to go beyond the mathematical ideas of the
theory and carefully examine the physics, we also devised
an experiment to measure the structure and dynamics of
fluid flow structures that form because of strong rotation
in a weakly stratified environment. Such a system is rotat-
ing convection in the so-called “geostrophic” regime [6]
where heat is transported locally via thin vertical struc-
tures with high internal vertical velocity, a mini tornado if
you will. Outside of these localized structures, the flow

is in geostrophic balance where pressure differences
balance the effects of rotation. We have demonstrated
the vertical coherence of these structures using particle-
tracking techniques to obtain the local velocity field. We
find that rotation greatly enhances the vertical coherence
of thermal structures. By simultaneously measuring the
temperature, we can compute the local heat transport in a

structure and construct the probability of strong localized
transport via these thermal structures. Finally, we have
measured the lateral separation of structures and varied
the forcing of buoyancy and rotation to determine the
dependence of the structure characteristics on the balance
of those forcings. In Figure 1 we show a time-lapse image
of the flow of one of these structures in which the lateral
inflow and vertical up flow is visible in the particle streaks.
Although not visualized well in this image, the flow is cir-
culating around the centerline of the up flow in a rotating
sense (as in a tornado). These measurements are giving
us confidence that the typical phenomena observed in the
reduced equations for strong rotation are also observed in
related physical systems.

Impact on National Missions

This project has contributed to the fundamental underpin-
nings of climate modeling for which the influences of rota-
tion and stratification are critically important. Through the
discovery of a new slow/fast framework and novel compu-
tational algorithms, our results are beginning to influence
other research groups to expand on our advances. We
have been asked to speak about our results in numerous
high profile venues around the world, significant indica-
tion of the impact our project is having. Because the world
is poised to move from petascale computing to exascale
computing, the discovery of the Asymptotic Parallel-In-
Time method, along with the new linear propagator, has
had an international impact. Nationally this work is a part
of the DOE Exa-Math Report from the DOE Advanced
Scientific Computing Research workshop in 2013, where it
is called out as an important new idea to achieve exascale
computing for climate and weather prediction, magneto-
hydrodynamics, plasma physics, and many other applica-
tions of interest to the DOE. The generality of the approach
suggests that this novel algorithm will impact many DOE
programs from energy production in magnetic fusion to
understanding and predicting climate change impacts.
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Figure 1. Streak representation (false color) of experimental
convective thermal transport structure in rotating convection.
Arrows indicate the up flow direction of the warm fluid.
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Abstract

Tc-99m, the daughter product of Mo0-99, is the most
commonly utilized radioisotope in nuclear medicine. The
majority of the US supply of Mo-99 for nuclear medi-
cine is produced in aging foreign reactors using highly
enriched uranium (HEU) targets, with 6 % of U-235 fis-
sion events resulting in the formation of Mo-99. Recent
maintenance and repair shutdowns of these reactors
have significantly disrupted the supply of M0-99 in the
US and most of the rest of the world, with one reactor
scheduled to cease production completely in 2016. To
compound the problem, the short 66 h half-life of this
radioisotope prohibits the build-up of reserves.

New technologies have been proposed for domestic US
production of Mo-99, none of which requiring the use
of HEU, the use of which creates proliferation concerns.
These technologies include low enriched uranium (LEU)
acidic solution fuel approaches, such as the Aqueous
Homogenous Reactor concept. Equally, certain LEU
solid targets could be dissolved in nitric acid, providing
another potential acidic feed solution for the chemical
recovery of Mo-99. In this context there is both interest
in developing domestic Mo-99 production and chemi-
cal processing facilities based on LEU solid targets, and
an ongoing overseas HEU to LEU solid target conversion
programs. In all cases, using LEU vs. HEU will result in
higher uranium to Mo-99 ratios in the fuel solutions
post-irradiation. For irradiated uranium nitrate solutions
we have developed a novel separations flow sheet that
begins with a uranium nitrate crystallization step to re-
move the majority of the LEU. Once the majority of the
LEU has been removed the Mo-99 can then be recov-
ered using a conventional alumina column separation
process. Our results indicate that high yield recoveries of
both Mo0-99 and LEU can be obtained using this combi-
nation of separation techniques. Such a Mo-99 recovery
process is equally applicable to production methods
based on uranium nitrate solution fuels and appropriate
solid target fuels.

Background and Research Objectives

Mo-99 is a radioactive isotope that decays to Tc-99m,
the most important radioisotope in nuclear medicine.
Tc-99m is uniquely suited to a wide range of medical
imaging procedures and accounts for >80% of radiotrac-
ers used in diagnostic nuclear medicine and > 85 % of
all radioisotope procedures (> 13 million procedures per
year in the US). The majority of the world’s supply of
medical isotope Mo0-99 is produced from the fission of
U-235 in high enriched uranium (HEU) in overseas reac-
tors, many of which are aging and increasingly unreli-
able. The use of HEU raises proliferation concerns, while
the lack of domestic production of Mo-99 here in the US
leads to supply concerns. Apprehension related to such
issues is heightened by the fact that a major producer,
The National Research Universal Reactor in Chalk River
(Canada), will cease production in 2016. To address
these issues the NNSA Global Threat Reduction Initia-
tive (GTRI) effort is focused on accelerating the estab-
lishment of a reliable supply of medical isotope Mo-99
produced without HEU by establishing partnerships with
South Africa, Belgium and the Netherlands to convert
Mo-99 production from HEU to LEU targets, and with
domestic commercial entities to produce Mo-99 in the
United States with non-HEU technologies.

There are multiple technologies proposed for the pro-
duction of 99Mo without the use of HEU. A number of
these technologies, such as the Aqueous Homogenous
Reactor, require LEU fuel in solution form. The target so-
lution would typically contain uranium as the uranyl(VI)
dication as nitrate or sulfate salts in dilute acid. Titania
based sorbents have been applied to the initial recov-
ery of Mo-99 from the vast excess of uranium present
in such solutions, a material not commonly utilized in
separations for medical isotope Mo-99 chemical pro-
cessing. In addition, the conversion from the irradiation
of HEU to LEU solid targets, and thus to a uranium fuel
source with less U-235, leads to an increase in number
of targets, processing runs and waste volume. Finally,
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while uranium recycle can more readily be applied to solu-
tion target concepts most current solid target flow sheets
are not well suited to uranium recycle. In all the aforemen-
tioned cases the design of novel chemical processes that
simplify the recovery of Mo-99 from irradiated LEU, while
minimizing the generation of uranium containing waste,
would be extremely beneficial.

In this project we proposed to develop a novel process that
would allow efficient Mo-99 recovery after production, and
present the potential for the recycle of LEU. The process
we envisioned comprised steps that are known individually
but have not previously been integrated into a technology
applicable to Mo-99 recovery. The initial research involved
installation and validation of all aspects of the chemical
separation processes: the evaporation, crystallization and
solid sorbent separation stages. This was achieved using
simplified solution matrices. Specialized apparatus was
evaluated for several of these individual operations, includ-
ing utilizing automation where possible. Our objective was
to prove that this “inventive application” of apparatus and
individual chemical separations could result in an integrat-
ed process that could successfully separate Mo-99, at the
bench top scale in a radiochemistry facility, from LEU solu-
tions irradiated at LANSCE (Los Alamos Neutron Science
Center). Irradiated solutions would be tested (variation in
uranium concentration, nature of the dilute acid) to evalu-
ate the best solution conditions for both Mo-99 production
and separation.

Scientific Approach and Accomplishments
The “inventive application” of individual separation pro-
cesses that we successfully demonstrated is outlined in
Figure 1. This figure is very similar to the one produced
in the initial proposal, a good indication that most of our
technical challenges were overcome in the course of the
research. Our aims were three-fold:

e Aninitial separation of the majority of the LEU from a
solution rich in Mo-99.

e The subsequent chemical column recovery of Mo-99
using the ‘industry standard’ sorbent, alumina.

e The minimal use of additional chemicals, in this case
we proposed to only use nitric acid and alumina.

The initial step of this process was the dissolution of a
solid irradiated LEU target in nitric acid, or the conditioning
of irradiated LEU in a dilute nitric acid solution target. In
both cases the goal was to produce a solution rich in nitric
acid but, based on the original solution target focus of the
project and 3 year project timescale, we worked only with
irradiated LEU nitrate solutions. However, we believe that

the flow sheet could work equally as well with an irradi-
ated LEU solid target that could readily be dissolved in
nitric acid. The high nitric acid and uranium concentration
solution could then be evaporated under reduced pressure
and/or the temperature lowered to crystallize out uranium
as a hydrated di-nitrate product. Our hypothesis was that
the majority of the uranium would now be present in a sol-
id phase which could be separated from a solution contain-
ing the majority of the Mo-99. The uranium product would
then be in a chemical form that could be readily converted
into new target ‘fuel,’ if recycle were an option, or a stable
waste forms if recycle were not required. The remain-

ing Mo-99 rich solution would contain excess nitric acid
which would need to be removed through evaporation,
but the much lower uranium concentration of this solution
would allow for Mo-99 recovery using an alumina column.
Alumina is a sorbent used almost exclusively in Tc-99m
generators, the Mo-99 binding to this material as molyb-
dates (HMo0O4-/Mo042-) while the Tc-99m is ‘milked’ from
the generator in saline solution as pertechnetate (TcO4-).
Alumina can also be used for Mo-99 purification during
recovery from irradiated LEU, but a vast excess of uranium
(and hence nitrate) prevents efficient binding to alumina

in dilute acid prior to recovery of the isotope by elution in
basic solution. Through the initial crystallization of excess
uranium we hypothesized that a high yield recovery of
further purified Mo-99 could be obtained through alumina
column separation from the remaining uranium.

In the early stages of the project LDRD-ER funds provided
support towards the purchase of both a Buchi Multivapour
P-12 and a SyrrisTM Atlas Potassium Reactor System,
providing automation capabilities for the evaporator and
crystallization stages of the flow sheet respectively. In
particular, the reactor system proved extremely useful for
careful optimization of uranium crystallization conditions,
development work undertaken with depleted uranium,
and for reproducibility control of the crystallization of LEU
during irradiated solution tests. Another vital early ‘proof
of concept’ experiment led to the confirmation that Mo-99
largely stayed in the supernatant after crystallization of de-
pleted uranium from a nitric acid solution spiked with Mo-
99 that had been milked from a LantheusTM generator.
Finally, a key capability development early in the project
related to realization of a new capability for LEU solution
sample irradiation at Target 4, LANSCE. The project helped
support the development of this capability, which included
the design and build of both sample containment and

a remote sample delivery and retrieval system. Pictures
showing some of the technical capabilities developed for
this project are shown in Figure 2.

With all of the key capabilities in place, and “show stop-
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per” experimental parameters tested, it was possible to
undertake experiments to validate the full flow sheet
outlined in Figure 1 from stage 1a through stage 5. This
flowsheet was both tested, and subsequently refined, us-
ing LEU target solutions irradiated at LANSCE. The crystal-
lization process proved to be successful, with the recovery
of the majority of the uranium as a crystalline solid prod-
uct leaving almost all the Mo-99 in solution (Figure 3). In
addition, most of the other radioisotopes produced during
irradiation, that we could readily measure, remained with
the Mo-99 product (Figure 3). This resulted in a partially
purified uranium product, the comparatively low level of
radionuclide contaminants of value both in terms of ease
of recycle and/or ease of waste disposal. The Mo-99 rich
solution could then be further purified using an alumina
column after solution conditioning to remove excess nitric
acid, as had been proposed. The comparatively low ura-
nium concentration in the column feed solution allowed
for near quantitative Mo-99 recovery (Figure 4). While
numerous modifications were made to the process during
the three sample irradiations, and subsequent separations
chemistry, the most valuable process enhancement in-
volved the maximization of % Mo-99 recovery — particular-
ly during the crystallization and subsequent initial uranium
separation step.

Removal/addition of water and/or nitric acid from process-
ing solutions was a key component of this project. In prac-
tice simple, well defined, fume hood based stirrer hot plate
operations were employed to undertake this task when
working with irradiated LEU samples. However a more
automated evaporator system could also be deployed for
these relatively simple chemical operations. To this end

we utilized a Buchi Multivapour P-12 to confirm that both
nitric acid and water could be efficiently removed from
uranium solutions (using depleted uranium) under both
reduced pressure and lower temperatures.

Originally we had planned to develop the flow sheet
outlined in Figure 1 for LEU sulfate solutions. However,
experimental work studying uranium sulfate crystallization
revealed complexities in the uranium sulfate chemistry
that were not present with uranium nitrate chemistry.
When writing the original proposal we acknowledged that
the sulfate chemistry would likely be more challenging.
Due to these chemistry challenges and the more general
applicability of developing our flow sheet idea for uranium
nitrate vs. uranium sulfate, sulfate fuel being applicable
only to certain solution target concepts for Mo-99 produc-
tion and of limited applicability to solid LEU target process-
ing, we focused our attention on the nitrate system.

At the start of the project we submitted an IDEA through
the LANL system and towards the end of the second year

of the project we had enough results to prove that the key
components of the proposed flowsheet could be realized,
at least at the laboratory scale. This allowed us to develop,
and submit, two patent applications based on this work.
Until this point our desire to protect the intellectual prop-
erty generated both in the initial proposal, and the subse-
guently obtained results, had stopped us from publishing
experimental details in peer reviewed scientific journals.
However, in the Spring and Summer of 2014 we have
presented our results in a non-enabling format as talks at
three major conference: - the 38th Actinide Separations
Conference (May, Albuquerque), the Mo-99 Topical Meet-
ing (June, Washington D.C.) and at the 8th International
Conference & Expo on Isotopes (August, Chicago). We have
received positive feedback regarding our work from within
the Mo-99 production community, including interest from
a company seeking to produce Mo-99 domestically here

in the US. We are currently working through a CRADA
(Cooperative Research and Development Agreement)

with this company with the aim of initiating a cooperative
research program which will include aspects of this LDRD-
ER research. In addition, we have drafted manuscripts for
submission to peer reviewed journals as, and when, we
believe that the timing is appropriate.

This LDRD-ER project has provided training and career de-
velopment for a postdoctoral researcher, Dr Roy Copping.
Copping has made major contributions to this work over
the past 3 years, more often than not leading the chemical
component of the technical effort. In June 2014 he re-
ceived an award for the quality of the poster he presented
at the Los Alamos post-doc day, an award that only 10 %
of all the participants received. Dr Copping will soon be
employing many of the skills he has developed and honed
working on this LDRD-ER proposal in his new role as a Re-
search and Development Staff Member within the Nuclear
Science and Engineering Directorate at Oak Ridge National
Laboratory.

Impact on National Missions

The US requires domestic production of medical isotope
Mo-99 from LEU, both to ensure continuous supply of this
important medical isotope and to eliminate dependence
on the international use of HEU for Mo-99 production. De-
veloping a US Mo-99 domestic supply thus addresses two
national security needs, secure medical isotope production
and lowered proliferation concerns through elimination

of HEU use. Additionally, the elimination of HEU use for
Mo-99 production in overseas reactors would also lower
proliferation concerns. It is with such a national security
background that the NNSA Global Threat Reduction Initia-
tive (GTRI) effort is focused on the Mo-99 production re-
lated missions outlined previously. It is in this context that
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we have provided regular updates of the research results
we have obtained through this LDRD-ER project to the
GTRI program, primarily through the appropriate program
leads at LANL.

This LDRD-ER funded project has allowed us to develop a
novel separation science solution to the recovery of Mo-99
from a vast excess of irradiated LEU. If developed from

our proof-of-principle lab scale to commercial application
this separation scheme could be applied to the recovery
of Mo-99 from either irradiated solid or irradiated aque-
ous solution LEU targets. It could also be used to convert
existing HEU chemical processing capabilities for Mo-99
recovery to LEU processing. We have thus demonstrated
LANL’s capability in developing technical solutions to chem-
ical processing problems of direct relevance to interlinked
challenges related both to medical isotope production and
lowering nuclear proliferation concerns.

Irradiated uranium solution
in dilute HNC,

Irradiated sclid
uranium target

Irradiated uraniun solution
in more conc, ANO,

Mo and less
Jranivm in soletion

The majority of the
wranium crysta lized
as U0, [NO,),-=H,0

"o and less uranium

Uranium for in dilute acid

recycle

The
remainirg
uranium for
disposal r
recycle

Mo
Product for
further
purification

Figure 1. Flowsheet outlining the “Inventive Application” of In-
dividual Separation Processes for the recovery of medical isotope
Mo-99 from an excess of Low Enriched Uranium.

Figure 2. Examples of experimental apparatus used during the
course of this project. Top left — the Target 4 capability at LANSCE
for LEU solution sample irradiations. Top center — the sample
containment for the irradiated LEU solutions, as shown being
placed into a Viking shipping container for return to the radio-
chemistry laboratories for separation chemistry. Top right - the
Syrris Atlas Potassium Reactor System used to carefully control
the LEU uranium crystallization process. Bottom — a close up of
the Syrris Atlas Potassium Reactor System showing the crystal-
lized hydrated uranyl nitrate solid product under a supernatant
solution containing significantly less uranyl (and hence uranium)
in solution.

® Solution ® Solution

| Crystals

® Solution B Solution

B Crystals

W Crystals

Figure 3. Pie charts that indicate the distribution of low en-
riched uranium, Mo-99, Zr-95 & Ce-141, between crystallized
hydrated uranyl nitrate and the remaining supernatant (solution)
after the crystallization process was used to remove the majority
of uranium from an irradiated LEU solution.
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Figure 4. Alumina column separation experiment undertaken
on the Mo-99 rich solution fraction that remained after crystal-
lization of the majority of the uranium present in an irradiated
uranium nitrate solution. Fraction 2 contained the feed solu-
tion that had passed through the column. As base was passed
through the column the Mo-99 was stripped as a relatively high
concentration/low solution volume product that would then
require only final purification.
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Abstract

This work uniquely combines novel O(N) methods for
Quantum Chemistry with recent progress in Neutron
Crystallography with the goal of understanding extreme-
ly complex enzyme mechanisms that are delocalized
over 100s of atoms. This approach works well when the
underlying data is of a high quality. Unfortunately, a seri-
ous lack of quality was only discovered after extensive
efforts to reconcile related data sets. The defects in the
data have been addressed through a consensus ap-
proach combined with Monte-Carlo simulation. This and
a number of other setbacks will delay publication of our
results by probably one year. However, the outlook for
positive results is high, and the difficult lessons learned
are extremely valuable going forward.

Background and Research Objectives

The goal of this research was to exploit the overlapping
synergy between neutron/x-ray crystallography and large
scale electronic structure theory applied to biomolecu-
lar simulation: Is it possible to employ knowledge of
proton positions and theory to model important reaction
sub-states, including bound intermediates and transition
states, and to use this information in enzyme engineer-
ing. Originally, this approach was focused on just Xylose
Isomerase. After experimental collaborator Andrey
Kovalevsky left LANL, the project was refocused around
Carbonic Anhydrase and experimental collaborator

Zoe Fisher. After Zoe Fisher left LANL, the project was
refocused on DFPase and experimental collaborators Bob
Williams and Julian Chen.

Scientific Approach and Accomplishments
Our approach to modeling involves large quantum only
subsystems, typically involving 300-500 atoms in size,
and using optimization techniques to locate mechanisti-
cally and energetically meaningful results that explain
enzyme mechanism, and ideally provide insights that
can be turned into engineering principles. For the large,

multi-step problem of Xylose Isomerase, we were able
to achieve this objective for the isomerization step, but
not for the ring opening step. This resulted in a paper
explaining seven unrelated experimental observations
of the isomerization, including a second hidden water
position in one of the intermediates. However, after
intense scrutiny of the ring opening mechanism (due to
bad energetics), we discovered that two of our neutron
data sets were each missing different water molecules
towards the edge of our models. We were able to make
this discovery only through by hand curation involving
~20 structures. Now partially based on very high reso-
lution x-ray data from the ‘90s, the corrected model is
being re-annealed by Monte-Carlo optimization, so far
showing dramatically decreased water RMSD positions
between open and closed ring substructures, which are
encouraging. It remains to be seen if our conclusions
regarding isomerization remain valid, or if they must be
revised in light of the more complete model. Despite
many setbacks (collaborators leaving, bad initial data,
budget reduction), the outlook for this work is still very
positive, and is set to achieve results with minimal effort,
involving primarily collecting data from long-running
calculations.

With DFPase, significant progress has been made to-
wards developing new and testable mechanistic hy-
potheses, based on recent x-ray data from the work of
Julian Chen (unpublished), existing neutron data and
large quantum-only models. Preliminary data show that
existing models for the mechanism of this enzyme are
almost certainly incorrect. Publications for this work will
hopefully be forthcoming in 2015, again resulting from in
place, long running calculations.

Impact on National Missions

This work involves a high impact biofuels enzyme, Xylose
Isomerase, and a high impact biothreat countermeasure,
DFPase. It is the first work to explore the use of large
guantum-only enzyme models, and amongst the first
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based on neutron data. While faster quantum chemical
methods would have helped this effort, the big challenge
has been to build high confidence models based on many
overlapping crystallographic data sets. These results
suggest the need and opportunity for structural informat-
ics & curation protocols, which are currently unavailable.
Although still probably a year out, we remain positive that
this work will provide engineering level understanding of
large delocalized enzyme mechanisms for the design of en-
zymes critical to biofuels and biothreat countermeasures.

Publications

Kovalevsky, A. Y., B. L. Hanson, S. A. Mason, T. Yoshida, S.
Z. Fisher, M. Mustyakimov, V. T. Forsyth, M. P. Blake-
ley, D. A. Keen, and P. Langan. Identification of the
Elusive Hydronium lon Exchanging Roles with a Proton
in an Enzyme at Lower pH Values. 2011. Angewandte
Chemie. 123 (33): 7662-7665.

Waltman, M. J,, Z. K. Yang, P. Langan, D. Graham, and A.
Kovalevsky. Engineering Acidic Streptomyces rubigi-
nosus D-Xylose Isomerase by Rational Enzyme Design.
2014. Protein Engineering Design and Selection. 27 (2):
59.
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Abstract

Current solid propellant systems have proven reliable
over the decades but have long since reached their limit
in terms of achievable system safety and performance.
Despite this, the US DoD, NASA and commercial organi-
zations continue to request increasingly higher-energy
systems with an increased level of safety. The demand
for safer systems is becoming more relevant with the
recent boom in commercial space endeavors, particu-
larly when considering space tourism with manned
flights. This safety consideration has brought forth a
revival in solid fuel/liquid oxidizer hybrid rockets, de-
spite the inherent problems of these systems such as
low mass-burning rates requiring large surface areas

in the fuel section to achieve the same thrust as solid
propellants. The two characteristics of increased safety
and higher performance, however, are almost always
mutually exclusive, being that typically the higher energy
systems almost always have the penalty of being higher
hazard. The aim of the proposed effort is to develop a
segregated fuel/oxidizer propellant system that would
be a major break-though in solid rocket propulsion in
terms of safety and energy. The proposed system is a
combination of novel materials that allow for a radically
new engineering design. Because of the development
of high-nitrogen/high hydrogen energetics at LANL that
contain little or no oxygen, a segregated tandem system
can be designed such that the burning energetic materi-
als will provide fuel from their decomposition that will
be oxidized in a separate chamber by reaction with a
solid oxidizer. Because the fuel and the oxidizer will re-
main separated until combustion of the fuel is initiated,
and are both are relatively (or completely) insensitive
to shock, the chance of accidental detonation or initia-
tion of the rocket is dramatically reduced. This provides
an unprecedented level of safety, opening up previously
inaccessible utilization of higher energy components,
thereby exceeding performance of state-of-the-art solid
propellants.

Background and Research Objectives

The field of chemical rocket propulsion has become
highly developed only in the past century (even though
the Chinese had used rockets over 800 years ago) and
has not seen a fundamentally different concept since
nearly WWII.[1] Currently, the term propulsion is used
very loosely in the aerospace field in terms of forces
propelling an object through a medium. Fundamentally,
propulsion is defined as the process of changing the
motion of an object (e.g. rocket, missile) that is initially
at rest or changing velocity to overcome incident forces
while passing through a specific environment. Jet pro-
pulsion, a subset of general propulsion, is defined by the
movement of a body or object generated by the mo-
mentum resultant force of ejected matter out of the tail
end. Although rocket propulsion is indicated as a form
of jet propulsion, the matter ejected out of the nozzle

is stored on board. This matter is called propellant. The
most widely used source of energy for rockets is chemi-
cal combustion, as is the case in the proposed work.
Diagrams for three types of existing chemical propulsion
rockets including liquid propellant, solid propellant, and
hybrid rockets are shown in Figure 1, along with the seg-
regated energetic fuel/oxidizer concept proposed here.

Chemical reactions between the propellant components
release thermal energy in the combustion chamber that
is then converted to kinetic energy by the expansion

of the combustion products through the nozzle. The
overall efficiency and performance parameters of the
rocket depend largely on the choice of fuel and oxidizer,
which are considered as the two reacting components
of most chemical propulsion systems. When a system is
considered a liquid or bi-propellant rocket, both the fuel
and oxidizer are in liquid form, and are often amongst
the most poisonous, unstable and generally hardest to
handle ingredients used for large-scale engineering ap-
plications. Commonly used liquid oxidizers include liquid
oxygen (LOX), liquid fluorine (LF2), hydrogen peroxide
(H202), various nitric acids [HNO3, red fuming nitric
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acid (RFNA), inhibited red fuming nitric acid (IRFNA)], and
nitrogen tetroxide (N204). Bi-propellant fuel ingredients,
like the liquid oxidizers, often include a witches brew of
dangerous chemicals including liquid methane (LCH4), eth-
anol, methanol, kerosene, liquid hydrogen (LH2), hydrazine
(N2H4), unsymmetrical dimethylhydrazine [(CH3)2NNH2
or UDMH), and monomethylhydrazine (CH3NHNH2 or
MMH). If the fuel and oxidizer are combined in solid form,
either chemically in the case of homogeneous propel-
lants or physically for heterogeneous propellants, the
rocket is called a solid propellant rocket.[2] Ammonium
perchlorate (AP), a solid oxidizer, is commonly used with

a solid fuel of hydroxyl-terminated polybutadiene (HTPB)
to form a composite propellant. The third type is hybrid
rocket propulsion. The classical hybrid propulsive system
combines an inert solid fuel contained within a combus-
tion chamber with a separately stored liquid, gaseous or
gel oxidizer, flowed through porting within the grain at the
time of ignition. Once ignited, pyrolyzing solid fuel mixes
and combusts with atomized liquid oxidizer producing high
pressure, high temperature propellant gas. The attractive-
ness of hybrid system applications becomes evident when
observing the simplicity of design, high level of opera-
tional safety, the diverse spectrum of applications, on/off
and throttle tailoring capability, storage life and produc-
tion costs.[2-5] Despite the many safety and operational
advantages inherent in the hybrid propulsive system, low
solid fuel regression rates requiring a relatively large fuel
surface area to attain a given level of thrust is the primary
drawback in addition to a tendency to not completely react
before the products exit the chamber.

The aim of this effort was to develop a segregated fuel-oxi-
dizer propellant system (SFOS) that could be a major break-
though in solid rocket propulsion in terms of safety and
energy. The proposed system is a combination of novel
materials that allow for a radically new engineering design.
Because of the development of high-nitrogen/high hydro-
gen energetics at LANL that contain little or no oxygen, a
segregated tandem system can be designed such that the
energetic material will provide fuel from their decomposi-
tion that will be oxidized in a separate chamber by reac-
tion with a solid oxidizer. Because the fuel and the oxidizer
remain separated until combustion of the fuel is initiated,
and are both are relatively (or completely) insensitive to
shock, the chance of accidental detonation or initiation of
the rocket is dramatically reduced. These technologies that
will allow for both a higher energy and much safer solid
propellant propulsion system then is currently offered the
state-of-the-art. The primary advantage in this system will
be in the safety gained from having physically separated
fuels and oxidizers. Because of the safety gain, standard
ingredients such as AP and Al can be replaced by ADN and

Al-hydride. Nano Al can also be used to modify burning
rates without safety penalty, and in fact will decrease sen-
sitivity when added to an energetic fuel, where as formula-
tions with an oxidizing mixture will become prohibitively
sensitive.[6]

Scientific Approach and Accomplishments
LANL is on of the worlds foremost institutions in the
synthesis and characterization of new high-nitrogen (HiN)
energetic materials. This class of C, Hand N compounds
has little or no oxygen, but retain energetic material prop-
erties as a result of their inherently high-energy due to
nitrogen in a highly strained state. Therefore, the decom-
position lacks secondary oxidation reactions of carbon and
hydrogen, and any fuel molecules present are thus avail-
able for secondary oxidation. This is important for two
reasons: one being that because of efficient crystal packing
the fuel content, particularly hydrogen, can be extremely
high; commonly exceeding that of liquid hydrogen. And
secondly, because oxygen is not carried on the molecule,
high-energy additives such as nanoparticulate aluminum
and aluminum hydride can formulated with HiN fuel; which
when added to a typical solid propellant would result in a
mixture with extreme explosive sensitivity. One such mate-
rial is triaminoguanidinium azotetrazolate (TAGzT), which
served as the initial fuel material in formulations for the
project.[7] As the project progressed, other materials were
evaluated, and more cost-effect formulations were devel-
oped based on triaminoguanidinium nitrate (TAGN), which
produced the same level of hydrogen fuel, but with much
greater combustion stability, resulting in more reliable mo-
tors.

A simplified model was developed to determine nozzle
specifications and instantaneous pressure-time profiles for
solid rocket experiments. This was then used to predict a
series of nozzle diameters and pressure profiles for TAGzT
burning under specific operating conditions and propellant
geometry. As the nozzle size is decreased, the chamber
pressure increases, thus decreasing burning time. Contin-
ued testing is ongoing to find the correct nozzle geometry
to provide a neutral pressure-time profile using TAGzT end
burner grains. One of the key observations of this project
is that high-nitrogen/hydrogen fuels are subject to greater
combustion instability than classic propellants, which often
leads to over or under-pressurization in the chamber. This
problem is being addressed by evaluation of new propel-
lant formulations, a number of which have been evaluated
and pressure vs burning rate graphs have been deter-
mined. To aid in the more rapid completion of this work, a
new strand burner was built and provided by Penn State.

Additionally, the mechanism of this instability leading to
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failure is under investigation in collaboration with C-PCS
using their fast x-ray imaging technique. For this an x-ray
transparent motor built and utilized to capture images of
the motor interior during combustion, as experiment rarely
utilized in rocket motor combustion.

A series of opposed flow tests at atmospheric pressure

to determine the burning rate of TAGzT as a function of
oxygen flow rate were performed. It was demonstrated
that there is a critical amount of oxygen that is required to
accelerate the burning rate until the heat transfer over-
whelms the energy liberated by the combustion process.
Finer resolution testing between 0 and 1 liter/minute oxy-
gen flow will commence in the near future. As the delivery
rate of the oxygen supplied to the surface is increase, the
slope of the position time profile also increases; indicat-
ing the available oxygen to the surface increases the

heat feedback to the surface. Under high pressures, this
phenomenon may be less significant. A solid propellant
opposed flow burner for elevated pressures was designed
and fabricated at Penn State. This is currently being used
to examine gap distance and pressure effects on burning
rate of the fuels and oxidizers, and will provide kinetic data
of interactive reaction of the two materials. Interestingly,
in the full motor testing of TAGzT formulations feeding
product gases into AP pellets has shown that the rate of AP
reaction is dependant mostly on the rate of the fuel prod-
ucts delivery to the oxidizer material, which was one of
the main goals of this work, and will greatly simplify future
utilization of this technology. The solid propellant opposed
flow burner should be able to quantify this effect with vari-
ous different fuels and oxidizers.

Utilizing lessons learned and testing in the duel chamber
thrust stand motor, fuel and oxidizer ratios were optimized
as well as fuel and oxidizer formulations. It was found that
the best oxidizer performance was obtained with a small
amount of various catalysts added to the grain, and when
motor pressures were around 800-1000 psi. With success-
ful lab tests in hand with motors up to 2” in diameter, a
flight motor was designed, Figure 2, built and tested in
static firings. Specific impulse of the baseline LANL motor
combination was ~220 seconds, which compared ~217 sec-
onds for the ammonium perchlorate/hydroxy-terminated
polybutadiene (AP/HTPB) baseline motor, but thrusts were
roughly 2-3 times greater, Figure 3.

The close out experiments of the project involved assis-
tance from New Mexico Tech, with students and advise-
ment from Prof. Michael Hargarther. A 2” diameter by 41”
high rocket was built from a commercially available body,
and carried a telemetry package for velocity and altitude
measurements, as well as an onboard camera. Figure 4
shows a frame sequence of the commercial (AP/HTPB)

baseline motor lifting off the pad vs the LANL SFOS mo-
tor, with two notable differences, the LANL system has
much less visible exhaust products, and the time for the
rocket to leave the field of view is ~0.1 seconds compared
to the ~0.3 seconds of the AP/HTPB motor. Review of the
telemetry data in Figure 5 provides graph of velocity versus
altitude shows that the LANL motor accelerates to a signifi-
cantly higher velocity shortly after liftoff than the com-
mercial motor. This high velocity is due to the large thrust
and short duration of the LANL motor. The high velocity
decays quickly after the motor burns out, which happens
in less than 1 second, and an altitude of just less than 200
ft. The velocity decays faster than the commercial motor
because of the higher initial speed, thus greater drag, and
the fact that the commercial motor continues to burn for
1.5 seconds, through an altitude of almost 300 ft, shown in
the right hand side of Figure 5. The LANL motor achieves a
lower apogee because of the larger drag due to the initially
higher velocity compared to the commercial motor.

The technology was submitted for a US patent application
and two follow-on patent disclosures will be submitted.
Technical papers produced based on the basic research
performed in this project have been submitted or accept-
ed, most notably the cover issue of Angewandte Chemie
published in August of this year.

Impact on National Missions

With the introduction of this project to the lab, the ca-
pability of propulsion system development has also been
introduced, which did not exist at the level at which it does
now. This has lead to new project aimed at in-house devel-
opment of satellite propulsion systems, and will certainly
lead to larger development projects in the future. The
applicability of this work to the US DoD, NASA and com-
mercial organizations is due to the higher-energy systems
with an increased level of safety. The DoD runs the Joint
Insensitive Munitions Technology Program, with a specific
topical area to fund 6.2-6.3 levels of development of in-
sensitive propellants systems, which will be a perfect fit for
transition of this work owing to the safety of this system.
NASA has various programs such as NextGen Concepts and
Technology Development Project or Heavy Lift Propulsion
Technology that could also benefit from the transitioning
of research gains from this program.
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Figure 1. The three existing methods for chemical rocket propul-
sion in addition to the LANL energetic fuel/solid oxidizer system.
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Figure 3. Thrust curves for LANL SFOS and ammonium per-
chlorate/hydroxy-terminated polybutadiene (AP/HTPB) baseline
motor
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Figure 4. Frame sequence of the commercial (AP/HTPB) base-
line motor lifting off the pad vs the LANL SFOS motor.
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Figure 5. Data from on-board telemetry showing, left, velocity
versus altitude and, right, altitude, of rockets with a commercial
“G80” AP/HTPB motor vs the LANL SFOS motor.
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Abstract

The past 20 years have witnessed the astonishing discov-
eries of nearly 2000 exoplanets and they have stimu-
lated an explosive growth in studying the basic processes
that regulate the planet formation. An equally dramatic
discovery is that some protoplanetary disks show large
(tens of astronomical unit) gaps and holes that are likely
caused by the forming giant planets (e.g., Jupiter mass-
es). Very recently, dust vortices have now been discov-
ered along with their gaps. Studying the co-evolution of
protoplanets and their nascent disks can hold the key to
understanding the planet formation.

With this project, we have built new theoretical and
computational capabilities to study these exciting
systems. We have developed new 3D codes that study
the disk-planet interactions. By implementing different
viscosity in different disk regions in 3-D, we were able to
examine how protoplanets have migrated in more real-
istic disk geometries and conditions. We found that pro-
toplanets can undergo convergent migration into special
regions of the disk and built up their masses through
either accretion or mergers. This project has also en-
abled us to implement a new, efficient numerical algo-
rithm that handles the dust dynamics in disks. Motivated
by the new discoveries of dust vortices in protoplanetary
disks, we have carried out extensive simulations to study
the formation of vortices along with the dust dynamics.
We discovered a new dynamic instability when the dust
accumulation within a vortex exceeds the gas concentra-
tion. On one hand, this instability leads to the eventual
disruption of the vortex. On the other hand, it offers a
new exciting opportunity for the enhanced dust coagu-
lation that leads to the formation of planetismals and
eventual planets. Our simulations have been compared
very favorably to the available observations and predica-
tions for future observations are being tested as they
become available.

Background and Research Objectives

The ~ 2000 discovered exoplanets have revealed an
astonishing amount of diversity in their orbital proper-
ties (e.g., planet mass, semi-major axis and eccentricity).
Because these properties are believed to originate from
the early phases of planet formation when the proto-
planets are still embedded in the protoplanetary disks, it
is imperative to study the co-evolution of planet forma-
tion and their nascent disk evolution. Giant planets (Ju-
piter mass or higher) occupy a special place in the study
of the planet formation. Their large masses (mostly gas)
require that their formation timescale must be within
the relatively short lifetime of the protoplanetary disk (a
few million years) before the gas gets dispersed. At the
same time, their large masses offer the unique opportu-
nity of observing their influence on their nascent disks. It
is this mutual interaction that is the primary focus of the
proposed studies in this proposal.

A new chapter in protoplanet formation research is
being written with the first light of ALMA in late 2011
(http://www.almaobservatory.org/). It is generally
known that protoplanets are formed in the gaseous,
dusty protoplanetary disks around young stars during
the first few million years of the star’s evolution. Thus
far, some of the astonishing discoveries of ALMA in-
clude: a large-scale “horseshoe” feature in one disk that
is believed to be “a formation site of giant planetary
system”; and a major asymmetric “dust trap” in another
disk. These pronounced features observed in the dusty
protoplanetary disks are possible “signposts” of differ-
ent stages of protoplanet formation. On one hand, these
discoveries by ALMA are quite pleasant because our
previous studies have predicted the production of vorti-
ces and non-axisymmetric features in disks. On the other
hand, they are quite surprising because of the enormous
size and presumed longevity of these asymmetries.

The fact that dust is being trapped in these asymmetric
features has profound implications for planet formation.
Ever since the 70’s, it is argued that it is impossible to
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retain dusts in disks because they experience rapid radial
drift (< 105 yr) and/or suffer fragmentation via collisions.
Observations seem to support this idea. No dust growth,
no planets.

The proposed work has been computationally intensive
and it builds upon the unique strength at LANL where we
have developed advanced disk+planet simulation tools.
With the adaptive mesh refinement capability especially,
we will be able to simultaneously capture the global proto-
planetary disk dynamics together with resolving the accre-
tion through a much smaller circumplanetary disk around
the planet. Utilizing LANL's advanced capabilities in theory
and computing, we have produced several important new
results that are making an impact in this rapidly developing
field, especially when a new era has started with the ad-
vent of ALMA and EVLA observations with unprecedented
sensitivity and spatial resolution.

Scientific Approach and Accomplishments
With this project, we have performed extensive numerical
simulations of disk+planet systems both in 2-D and 3-D,
examining a range of key physics processes that directly
determine the co-evolution of protoplanets and their disks.
These include: first, how will the disk structure formation
(gaps, holes and vortices) depend on the disk viscosity,
planet mass and planet orbital eccentricity and how will
they in turn affect the planet migration? Second, how will
the disk evolution affect the formation and migration of
multiple protoplanets and their final orbital distributions?
Third, how will the dust evolve in the presence of disk

gas vortices and will dust accumulate in vortices? These
numerical studies have been compared with several ob-
servations that lead to important constraints on the planet
formation processes. The confluence of advanced theory/
numerical modeling with the new observations has en-
abled us to make an important contribution to this thriving
field.

With this LDRD project, we have made progress on several
fronts:

New simulation capability development

We developed a new 3D simulation code using C++ for 3D
planet-disk interaction problem. We solve the full 3D Navi-
er-Stokes equations by directional split Godunov method.
We extend the FARGO scheme of Masset and modified by
ourselves to our 3D code to accelerate the transport in the
azimuthal direction. We also use a sub-cycling technique
for the azimuthal sweep to alleviate the time step restric-
tion. We have implemented a reduced 2D and a fully 3D
self-gravity solver on a uniform disk grid, which extends
our 2D method to 3D. This solver uses a mode cut-off
strategy and combines FFT in the azimuthal direction and

direct summation in the radial and meridional direction.
We do not need any softening in the disk self-gravity calcu-
lation as we have used a shifted grid method to calculate
the gravitational potential. We also develop a method

to generate an initial axis-symmetric equilibrium disk via
iteration between the disk density profile and the 2D disk-
self-gravity.

We have also developed and implemented a new bi-fluid
model for dusty protoplanetary disks for both our 2D and
3D codes. The dust particles are treated as a pressureless
fluid and evolved according to the hydrodynamic equa-
tions. The coupling between the gas and dust in a disk is
through the drag force, which causes the dust particles

to drift inward in the radial direction. We have performed
extensive tests of our model and code using the theoreti-
cal results in the literature and our numerical results are
in good agreement with the theoretical prediction. In
addition, we have implemented dust diffusion due to the
turbulent motion of the gas in a disk. We have modified
the dynamic equations of the dust so that they are con-
sistent with the dust diffusion. This procedure removes
the possible instability caused by the dust diffusion. We
have performed simulations to study the dust settling in
the vertical direction of 3D disk due to the dust diffusion
and obtained similar results to the theoretical prediction.
In summary, the numerical package we have developed
for studying planet-disk interaction as well as dust dynam-
ics, we believe, is state-of-the-art. We have been able to
perform much longer simulations compared to what have
been published by other groups. We have found that some
key previous conclusions based on short-time runs by
other groups were not correct.

3-D density feedback effects

A large set of 3-D simulations were performed to study the
density feedback effect which influences the rate of planet
migration in low viscosity disks. We have shown that this
feedback effect is still present in 3-D, similar to what we
have discovered before in 2-D disks. The effectiveness in
3-D, however, is different from 2-D. These results have
been published. This represents the first 3-D study on the
density feedback effect in low viscosity disks and it has
important implications for the Type-I migration problem.

Multiple Planets

By carefully analyzing the existing database of exoplanets,
we found that, among 160 of the multiple exoplanetary
systems confirmed, about 30% of them have neighboring
pairs with a period ratio less than 2. An interesting fea-
ture is that a significant fraction of these pairs are around
mean motion resonance (MMR). This means that, when
there are multiple planets in one system, they eventually
migrate together and through experiencing each other’s
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gravitational forces, they eventually locked into reso-
nances in their orbits. More interestingly, many of them
are locked with orbital frequency ratios of 2:1 and 3:2, but
with a clear absence of more closely packed MMRs with
period ratios less than 4:3, regardless of planet masses. By
performing extensive numerical simulations of multiple
planets with various mass groups, we have demonstrated
that such MMR behavior places important constraints on
the disk evolution stage out of which the observed planets
formed. In particular, we concluded that the dynamical
architecture of most low-mass-planet pairs (tens of Earth
masses) was established late in the disk evolution stage,
just before it was dispersed completely [1].

Rosshy vortices

We have studied the 3-D Rossby vortices associated with
the partial gap boundaries generated by the planets. These
vortices were shown to be excited by our earlier work and
it has now been confirmed by our 3-D studies and numer-
ous other groups. We found that when the planet is mas-
sive enough, it carves out a deep gap around its orbit. Due
to its significant density variations and the corresponding
angular velocity adjustments, the gap edge can typically
excite the Rossby wave instability. We have examined the
long-term evolution of these vortices by carrying out high-
resolution two- dimensional hydrodynamic simulations
that last more than 10000 orbits as measured at the plan-
et’s orbit. This is shown in Figure 1. We find that the disk
viscosity has a strong influence on both the emergence
and lifetime of vortices. In the outer disk region where
asymmetric features are observed, our simulation results
suggest that the disk viscosity needs to be low in order to
sustain vortices to thousands and up to 10000 orbits in
certain cases [2]. These studies are quite timely because of
the newly discovered vortex features in several protoplan-
etary disks by ALMA. Our results show that vortices excited
by massive planets can be a good candidate for explaining
such observations.

Dust Dynamics

We have performed many simulations to study the asym-
metric dust distribution observed by ALMA and other
telescopes. In particular, we have studied how the banana-
shaped dust distribution can be formed via the interaction
among dust, gas, and the planet. We have found the Ross-
by wave instability (RWI) is a robust mechanism to form
banana-shaped gas blobs in a disk. Furthermore, we have
investigated two mechanisms to generate the RWI. Both of
them require relatively low viscosity. One mechanism is us-
ing large planets to induce the RWI around the planet. We
use Saturn-, Jupiter-, and two-Jupiter-mass planet in our
simulations. In 2D simulations, we clearly see the banana-
shaped distribution of the gas and dust. The banana-

shaped density blob can be maintained for hundreds of or-
bits. In 3D simulations, however, we find that the evolution
of RWI and banana-shaped density blobs are short-lived
and quickly become ring-shaped distribution. In addition,
we have performed simulations to study the RWI in a disk
without planets. The RWI can be produced with an initial
density bump. We study how the vortices are generated
via RWI and how they are merged and combined into one
big vortex. We also study the RWI dependence on the disk
self-gravity. The RWI caused by the initial density bump is
short-lived and quickly disappear due to migration or diffu-
sion. To have a long-lived RWI vortex, we set up a disk with
non-uniform disk viscosity, where a region of disk has very
low viscosity, similar to the dead-zone configuration. Even
without initial density bump, the non-uniform viscosity can
produce a density bump near the low viscosity region in a
few hundreds of orbits. With small perturbation, the RWI
can be produced and vortices can be generated. We can
see the banana-shaped density distribution generated and
maintained for a long time.

A New Dynamic Instability

Our simulations of protoplanetary disks with both gaseous
and dust components reveal that: 1) dust particles which
are migrating inward towards the star can be trapped by
gas vortices very efficiently; 2) when the surface density of
the accumulated dust exceeds that of the gas surface den-
sity, a new dynamic instability is excited, as shown in Figure
2. This instability gradually dissipates the gas vortices,
shortening its lifetime [3]. Interestingly, however, the much
enhanced concentration of dust particles inside the vortex
can lead to strong dust coagulation, a favorable condition
for planetesimal formation. These studies are helping us
to make direct comparisons between our simulations and
the new observations. This allows us to constrain the disk
properties and provides more detailed understanding on
how the planet + disk interactions evolve in a dusty proto-
planetary disks.

Impact on National Missions

Understanding the formation of exoplanets is one of the
grand challenges for the coming decade in astronomy and
astrophysics, as evidenced by the recent Decadal Survey
(Astro2010): “New Worlds, New Horizons in Astronomy
and Astrophysics” (“New Worlds” refers specifically to
exoplanet research). The critical physics that underpins this
field include high Reynolds number turbulence and shear
flow instabilities, all of which match with LANL's strength,
both in theory and large-scale computing. With the advent
of ALMA and EVLA, LANL is making a critical impact now,
building on our existing expertise in disk+planet computa-
tional studies.
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In addition, this project has strengthened our ties with top
universities and researchers in this thriving field, includ-
ing UCSC, STSCI, VLA and Harvard. Several students and
postdocs from these institutions have collaborated with
us. Overall, we have published 10 papers in the refereed
journals (with several more in preparation) and have given
many invited talks at various conferences.
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Figure 1. Evolution of disk surface density showing how the vor-
tex develops and evolves for two different planet masses (top: 1
Jupiter mass; bottom: 5 Jupiter mass). Planet is marked by x and
the star is located at the center. The planet gradually carves out

a gap (dark blue regions) around its orbit. The edges of the gap
then undergo Rossby wave instability, leading to the formation of
large-scale vortices (as indicated by the density enhancement).
Over long periods of time, these vortices gradually dissipate and
disappear. The lifetime of these vortices is important to deter-
mine the observability of these features. Furthermore, their sur-
vival also has important implications for the dust accumulation.
(Figure take from Fu et al. 2014a).
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Figure 2. Evolution of gas surface density (top row), log of dust
surface density (middle row) and gas potential vorticity (bottom
row) in the {r, @} plane. The star is to the left and the planet is
placed at r/r_p = 1. While gas vortices are excited and finally
merged into one large vortex (top row), this vortex also serves

as an efficient dust trap that collects nearly all the dust that are
migrating from larger radial distances towards the star (middle
row). Dust accumulates so much that its surface density exceeds
that of the gas component, leading to the excitation of a new dy-
namical instability (as indicated by the pinwheel features in the
middle panel of the middle row. This instability eventually causes
the destruction of gas vortex. The existence of these vortices

and their role in accumulating large amount of dust could have
important consequences for planetismal formation.
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Abstract

The ability to control or monitor gene expression in
algae, via an engineered bioswitch, would be a tremen-
dous advance in the state of the science and aid in the
development of engineered algal strains for large-scale
biofuel production systems. The overall goal of this
project was to develop a bioswitch/sensor for the unicel-
lular model green algae, Chlamydomonas reinhardytii.
Specifically, we aimed to engineer C. reinhardtii strains
that were capable of sensing intracellular concentrations
of fatty acids and responding through expression of a
reporter gene. The Escherichia coli transcription factor
FadR was characterized, modulated and inserted into C.
reinhardtii as the fatty acid sensing module. It was deter-
mined that the FadR consensus operon is quite similar
to the consensus operon of another transcriptional
regulator, PdhR (a global transcriptional regulator that
responds to pyruvate). Follow-up in vivo experiments in-
dicated that these two transcriptional regulators can co-
regulate gene expression from shared DNA binding sites.
This is the first evidence that fatty acid metabolism and
central metabolism are linked through the coordinated
action of transcriptional regulators in E. coli. Amino acid
mutations were identified in FadR that led to enhanced
binding of the fatty acid effector molecule, palmitoyl-
CoA, and other mutations that severely diminished
binding of palmitoyl-CoA to the FadR/DNA operator
complex. These results support our view that FadR and
other transcriptional regulators with similar structural
folds can be engineered to affect the binding of their ef-
fector molecules (in this case, long-chain length fatty acyl
CoA molecules), making them suitable for engineering to
create dynamic sensor-regulators systems for the biosyn-
thesis of biofuels and commodity chemicals. Lastly, we
describe the construction and evaluation of a FadR lipid
biosensor in Chlamydomonas reinhardtii.

Background and Research Objectives
The ability to control or monitor gene expression in
algae, via an engineered bioswitch, would be a tremen-

dous advance in the state of the science and aid in the
development of engineered algal strains for large-scale
biofuel production systems. Recent attempts to engineer
biological systems for enhanced fatty acid production
have highlighted that FadR, or similar transcriptional reg-
ulators, play a critical role in these endeavors [1, 2]. In-
deed, FadR-directed research has been used to enhance
production of fatty acids in E. coli [3] and to engineer a
whole cell, dynamic sensor-regulator system that re-
sponds to fatty acyl-CoA concentrations [2]. Despite the
intrinsic adaptability of wild type FadR for bioengineer-
ing purposes, tailoring and optimizing its regulatory char-
acteristics (i.e. enhanced or decreased sensitivity to the
effector molecules, fatty acyl-CoAs) will expand its use as
a dynamic sensor-regulator system. For example, FadR
variants with lower acyl-CoA binding affinities could be a
useful component of a dynamic sensor-regulator system
to trigger a response once a threshold concentration of
free fatty acids is exceeded. In this project, we set out to
develop a FadR-based bioswitch/sensor for the unicellu-
lar model microalga, Chlamydomonas reinhardytii.

The specific goals of this project were: 1) characterize
the transcriptional regulator, FadR, in Escherichia coli,
with an emphasis on its potential as a biosensor for fatty
acid detection in algae, 2) use computational predic-
tion tools to identify FadR variants that are expected to
require higher concentrations of acyl-CoA to elicit DNA
release, and 3) demonstrate a functional FadR-based
biosensor that is operational in C. reinhardtii. During the
first phase of the project, we discovered that the FadR
regulon in E. coli consists of more genes/operons than
has previously been reported. It was also discovered
that the FadR consensus operon is quite similar to the
consensus operon of another transcriptional regulator,
PdhR (a global transcriptional regulator that responds
to pyruvate). Follow-up in vivo evidence indicated that
these two transcriptional regulators can co-regulate
gene expression from shared DNA binding sites. This

is the first evidence that fatty acid metabolism and
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central metabolism are linked through the coordinated
action of these transcriptional regulators in E. coli. For goal
#2, we identified amino acid mutations in FadR that led

to enhanced binding of the fatty acid effector molecule,
palmitoyl-CoA, and other mutations that severely dimin-
ished binding of palmitoyl-CoA to the FadR/DNA operator
complex. For goal #3, we genetically transformed reporter
protein under the control of the FadO/ FadR regulatory sys-
tem. The expression of the fluorescent reporter responded
to increased lipid accumulation in Chlamy demonstrating a
lipid-responsive biosensor.

Scientific Approach and Accomplishments
Goal 1: Characterization of the FadR regulon in E. coli. An
improved consensus operator (DNA) binding sequence for
FadR (ANTGGTCNGACCAG) was determined using a pro-
tein binding array. To date, there are twelve known binding
sites (12 operons, 15 genes) of FadR, that regulate mul-
tiple genes involved in fatty acid synthesis and catabolism
(fab and fad genes, respectively), the glyoxylate shunt of
central metabolism (icIR), and a universal stress response
regulator (uspA) [4]. Using the newly identified FadR bind-
ing motif, we searched the E. coli genome and identified

a number of potential new FadR binding sites upstream

of coding regions. Interestingly, 5 of the top 59 suspected
FadR binding sites are known operator sequences for

the pyruvate-responsive, transcriptional regulator, PdhR
(Figure 1). Furthermore, the FadR operator consensus
sequence that we identified using the protein binding array
is quite similar to that of PdhR (ATTGGTAANACCAT) [4].

Results of in vitro and in vivo experiments indicate that
FadR exhibits near maximal binding to the consensus FadR
operon in E. coli. Additionally, we found that one half of
the operator (it occurs as a palindrome) is sufficient for
tight binding. Binding of FadR to known PdhR operator
sequences in vitro was confirmed by gel shift assays, and
binding was inhibited in the presence of fatty acyl-CoA
molecules. Reverse transcriptase quantitative PCR assays
were developed for four E. coli genes that we believed
could be dually controlled by FadR and PdhR. Gene expres-
sion analysis revealed an inverse relationship between

the effects of a fadR deletion versus a pdhR deletion on
the expression of three of these genes (Figure 2). Overall,
our results suggest that FadR and PdhR act conversely on
gene expression at a number of loci in E. coli to coordinate
fatty acid and central metabolic activities of the cell. A
manuscript describing this work, Transcriptional Regulators
Involved in Fatty Acid and Pyruvate Metabolism Recognize
Nearly Identical Operator Sequences in Escherichia coli,
will be submitted in 2014.

Accession # E-VALUE _FadR regulon PdhR regulon
YP_001731278 fadl 0.87

YP_001730812 yebV 18

YP_001729170 fadE 29

YP_001730727 ydiX 3

YP_001732644 fadB 43

YP_001733089 deoB 44

YP_001729460 ybeV 4.6
YP_001731847 gleD 49
YP_001731465 csiE 6.9
YP_001729349 fadm 72
YP_001732981 ytiK 88
YP_001731280 fadL 9.5
YP_001731612 ascB 12
YP_001732055 IptB 15
YP_001729189 ykfl 17
YP_001731600 stlB 17
YP_001732324 pitA 2
YP_001732178 fusA 27
YP_001732722 cpQ 29
YP_001731255 usg 3
YP_001730080 ndh 32
YP_001731803 pek 33
YP_001730109 yegX 38
YP_001729392 cueR 39
YP_001730933 yodB 39
YP_001732476 TpoZ 40
YP_001730191 oppB 4
YP_001729811 gsiD 46
YP_001730697 thrS 48
YP_001730202 exo 48
YP_001730123 minD 48
YP_001730654 ydhy 50
YP_001732070 yheD 53
YP_001732413 yiaT 54
YP_001733064 nanS 58
YP_001733046 fecR 59
YP_001729686 kdpF 59
YP_001732163 2spC 61
YP_001729282 yaiv 61
YP_001730808 msiC 64
YP_001733082 YA 64
YP_001729895 yeaR 68
YP_001729221 yagk 68
YP_001732005 yraN 69
YP_001731054 yehC 77
YP_001729832 YOiN 78
YP_001731011 wzb 78
YP_001729094 yadL 81
YP_001729440 ybeC 82
YP_001729154 metQ 83
YP_001730799 yobE 85
YP_001731716 Igt 91
YP_001733075 YiZ 93
YP_001732102 yhdH 9%
YP_001729070 pdhR 96
YP_001730456 narV 98
YP_001729266 frmB 98
YP_001729337 cyoB 99
YP_001732047 mlaD 100

Figure 1. FadR motif search of the genome using the Motif
Alignment and Search Tool [5]. Sequences with an E-value score
are reported. Genes known to be in the FadR or PdhR regulon are
indicated.

Goal 2: Construction and analysis of FadR variants. The
computational efforts, which were led by Ramesh Jha and
Charlie Strauss, have achieved two primary goals. First, we
have identified several mutations that have the potential
to reduce the affinity of FadR for fatty acyl-CoAs. With a
FadR mutant exhibiting reduced affinity for fatty acyl-CoAs
in hand, we hope to develop a FadR-controlled switch that
only responds when cell lipid concentrations are high. Us-
ing the crystal structure of FadR bound to myristate (C14
fatty acid) as a guide, we demonstrated that the commu-
nity modeling software, Rosetta, could accurately predict
the ligand-protein conformation. We then identified two
promising mutations, L102A and L165N, that were pre-
dicted to result in weakened interactions between FadR
and fatty acyl-CoAs, without disrupting the overall struc-
ture of the protein or interfering with the communication
between the inducer binding pocket and DNA binding
domain of FadR. Thus, mutants at the L102/L165 positions
were constructed with the purpose of expanding the bind-
ing pocket of the lipid ligand to accommodate longer lipids.
It was also determined that the A213 of FadR should be
directly involved in the binding of the CoA moiety of fatty
acids; we included mutations at this position in an attempt
to decrease FadR'’s affinity for the CoA moiety of the ligand.
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Accession # GENE E-VALUE _FadR regulon PdhR regulon
YP_001731278 fadl 0.87
YP_001730812 yebV 18
YP_001729170 fadE 29
YP_001730727 ydiX 3
YP_001732644 fadB 43
YP_001733089 deoB 44
YP_001729460 ybeV 46
YP_001731847 gleD 4.9
YP_001731465 esiE 69
YP_001729349 fadm 72
YP_001732981 K 88
YP_001731280 fadL 9.5
YP_001731612 aseB 12
YP_001732055 IptB 15
YP_001729189 kil 17
YP_001731600 silB 17
YP_001732324 pitA 2
YP_001732178 fusA 27
YP_001732722 cpQ 29
YP_001731255 usg 32
YP_001730080 ndh 32
YP_001731803 pek 33
YP_001730109 yegX 38
YP_001729392 cueR 39
YP_001730933 yodB 39
YP_001732476 1oz 40
YP_001730191 oppB 43
YP_001729811 gsiD 46
YP_001730697 thrs 48
YP_001730202 exo 48
YP_001730123 minD 48
YP_001730654 ydhY 50
YP_001732070 yheD 53
YP_001732413 yiaT 54
YP_001733064 nan$ 58
YP_001733046 fecR 59
YP_001729686 kdpF 59
YP_001732163 2spC 61
YP_001729282 yaiv. 61
YP_001730808 msiC 64
YP_001733082 YA 64
YP_001729895 yeaR 68
YP_001729221 yagk 68
YP_001732005 yraN 69
YP_001731054 yehC 7
YP_001729832 YoiN 78
YP_001731011 web 78
YP_001729094 yadL 81
YP_001729440 ybeC 82
YP_001729154 metQ 83
YP_001730799 yobF 85
YP_001731716 Igt 91
YP_001733075 YiiZ 93
YP_001732102 yhdH 96
YP_001729070 pdhR 96
YP_001730456 narV 98
YP_001729266 frmB. 98
YP_001729337 cyoB 99
YP_001732047 mlaD 100

Figure 2. Relative expression of genes known to belong to the
FadR (, ) and PdhR (, ) regulons in cells grown on galactose (A,

B) or glycerol (C, D). Gene expression was normalized against
expression of (A, C) or(B, D). Blue bars represent gene expression
in deletion mutants versus wild type and red bars show gene
expression in deletion mutants versus wild type. Bars represent
the average of three biological replicates.

Led by Ricardo Marti-Arbona (an early career LANL staff
member), we developed and optimized an experimental
assay applying fluorescence anisotropy to measure the
binding constant of FadR (wild type and variants) for its
palmitoyl-CoA ligand and DNA operator sequence (FadO).
Under the experimental conditions we obtained a Kd value
of 2 nM of FadR at 1 nM labeled-FadO and 600 nM for the
palmitoyl-CoA ligand at 10 nM of FadR at 1 nM labeled-
FadO. The mutant protein containing the R213A mutation
was purified and exhibited drastically decreased binding
for palmitoyl-CoA ligand (Kd >5 pM; wild type 600 nM). In
contrast, the L102A mutant protein exhibited increased
affinity for palmitoyl-CoA (Kd 390 nM) (Figure 3). Some of
the FadR mutant proteins have proven exceedingly difficult
to purify (e.g. the R213M protein was not stable follow-
ing purification). Mutations that replaced the arginine at
position 213 dramatically affected the binding of palmitoyl-
CoA, presumably by eliminating the guanidine positive
charge necessary to bind the di-phosphate moiety of the
acyl-CoA effectors. Also the mutation of the leucine at
position 102 enhanced the binding of the palmitoyl-CoA

Accession # GENE E-VALUE _FadR regulon PdhR regulon
YP_001731278 fadl 087
YP_001730812 yebV 18
YP_001729170 fadE 29
YP_001730727 ydiX 3
YP_001732644 fadB 43
YP_001733089 deoB 44
YP_001729460 yheV 46
YP_001731847 gleD 49
YP_001731465 csiE 69
YP_001729349 fadm 72
YP_001732981 K 88
YP_001731280 fadL 9.5
YP_001731612 ascB 12
YP_001732055 IptB 15
YP_001729189 ki 17
YP_001731600 srlB 17
YP_001732324 pitA 2
YP_001732178 fusA 27
YP_001732722 cpQ 29
YP_001731255 usg 32
YP_001730080 ndh 32
YP_001731803 pek 33
YP_001730109 yegX 38
YP_001729392 cueR 39
YP_001730933 yodB 39
YP_001732476 poZ 40
YP_001730191 oppB 43
YP_001729811 gsiD 46
YP_001730697 thrs 48
YP_001730202 exo 48
YP_001730123 minD, 48
YP_001730654 ydhY 50
YP_001732070 yheD 53
YP_001732413 yiaT 54
YP_001733064 nan$ 58
YP_001733046 fecR 59
YP_001729686 kdpF 59
YP_001732163 spC 61
YP_001729282 yaiV 61
YP_001730808 msrC 64
YP_001733082 YA 64
YP_001729895 yeak 68
YP_001729221 yagk 68
YP_001732005 yraN 69
YP_001731054 yehC 7
YP_001729832 YHiN 78
YP_001731011 wzb 78
YP_001729094 yadL 81
YP_001729440 ybeC 82
YP_001729154 metQ 83
YP_001730799 yobE 85
YP_001731716 Igt 91
YP_001733075 YiiZ 93
YP_001732102 yhdH 9%
YP_001729070 pdhR 96
YP_001730456 narV/ 98
YP_001729266 frmB 98
YP_001729337 cyoB 99
YP_001732047 mlaD 100

Figure 3. Determination of (A) FadO Kd (DNA binding) and (B)
Palmitoyl-CoA Kd values for wild type (WT) and FadR mutants.
WT is represented by black circles, L102A by red diamonds,
R213A by green squares and R213M by dark green triangles.

effector, seemingly by expanding the size of the binding
pocket and facilitating the binding of the effectors’ hydro-
carbon side chain. These findings suggest that fatty acid
metabolism regulator (FadR) and other TRs with similar
structural fold can be engineered to affect the binding of
their effector molecules and therefore control the release
of the DNA operators, making them suitable for engineer-
ing to create dynamic sensor-regulators systems for the
biosynthesis of biofuels and commodity chemicals. A por-
tion of this research was presented by Ramesh Jha at LANL
Postdoc Research Day, June 2012 (the poster won Honor-
able Mention). Ramesh Jha has since been converted to

a LANL staff member in the Bioscience Division. A manu-
script describing this work, Rational Design and In-vitro
Characterization of Alterations to the Lipid Recognition Site
of the Lipid Metabolism Transcriptional Regulator, will be
submitted to Protein Science in October 2014.

Goal 3: Establish a functional fluorescent-based/lipid-re-
sponsive biosensor in C. reinhardtii. The effort to incorpo-
rate the FadR-based biosensor components into C. rein-
hardtii was led by Scott Twary and Ricardo Marti-Arbona.
Our functional lipid-based biosensor will utilize a fluores-
cent marker to report when the lipid levels in C. reinhardtii
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Accession # GENE E-VALUE FadR regulon PdhR regulon

YP_001731278 fadl 087
YP_001730812 yebV 18
YP_001729170 fadE 29
YP_001730727 YaiX 3

YP_001732644 fadB 43
YP_001733089 deoB 44
YP_001729460 ybev 46
YP_001731847 gled 49
YP_001731465 osiE 69
YP_001729349 fadm 72
YP_001732981 WK 88
YP_001731280 fadL 9.5
YP_001731612 ascB 12
YP 001732055 IpB 15
YP_001729189 ykil 17
YP_001731600 silB 17
YP_001732324 pitA 2
YP 001732178 fusA 27
YP_001732722 cpQ 29
YP_001731255 usg 32
YP_001730080 ndh 32
YP_001731803 pek 3
YP_001730109 yegX 38
YP_001729392 cueR 39
YP_001730933 yodB 39
YP_001732476 oz 40
YP_001730191 oppB 4
YP_001729811 gsiD 46
YP_001730697 thrs 48
YP_001730202 exo 43
YP_001730123 minD 43
YP_001730654 ydhy 50
YP_001732070 yheD 53
YP_001732413 yiaT 54
YP_001733064 nan$ 58
YP_001733046 feeR 59
YP_001729686 kdpF 59
YP_001732163 espC 61

YP 001729282 yaiv 61

YP_001730808 msiC 64
YP_001733082 yiA 64
YP_001729895 yeaRk 68
YP_001729221 yagk 63
YP_001732005 yraN 6
YP_001731054 yehC 7
YP_001729832 YbiN 78
YP_001731011 wib 78
YP_001729094 yadL 81

YP_001729440 ybeC 82
YP_001729154 metQ 83
YP_001730799 yobF 85
YP_001731716 gt 91

YP_001733075 yiiz 93
YP_001732102 yhdH 96
YP_001729070 pdhR 9%
YP_001730456 narV 98
YP_001729266 frmB 98
YP_001729337 cyoB 99
YP_001732047 mlaD 100

Figure 4. A) Wild type B) + Construct 1. C) + Construct 2. The
image on the left (for each set in A, B, and C) is using white light
to observe the whole cell. The middle image uses fluorescent
excitation of chlorophyll A to locate the chloroplast. The right im-
age specifically excites the green fluorescent protein inserted as a
reporter for the FadO constructs. These images show the directed
expression of the GFP in the chloroplast.

raises over a certain threshold. To achieve this we are tak-
ing advantage of the ability of the transcriptional regulator
FadR to control expression of genes downstream from the
DNA regulatory sequence FadO. We placed the fluorescent
reporter under the control of a constitutive promoter,
which at the same time will be under control of the FadR
module. There are two primary steps to be completed in
order to obtain a functional lipid-based biosensor. First,
the biosensor reporter needs to be incorporated into the
chloroplast genome under dual control. The first control
will be a constitutive promoter that will allow the continu-
ous expression of the reporter (in this case a green fluores-
cent protein: GFP); the second control point will be a FadR
binding site. In the second step, the FadR regulator needs
to be incorporated into the chloroplast genome under

the control of a constitutive promoter. In order to achieve
these goals two successful chloroplast transformations and
genomic incorporations were needed, one for the reporter
and one for the regulator.

To accomplish the first goal (reporter incorporation) we
utilized a chloroplast specific plasmid called pSE 3HB Kan
D2 gfp D1, which was kindly provided by Dr. Stephen May

Accession # GENE E-VALUE _FadR regulon PdhR regulon
YP_001731278 fadl 087
YP_001730812 yebV 18
YP_001729170 fadE 29
YP_001730727 ydix 3
YP_001732644 fadB 43
YP_001733089 deoB 44
YP_001729460 ybeV 4.6
YP_001731847 gleD 49
YP_001731465 esiE 69
YP_001729349 fadm 72
YP_001732981 K 88
YP_001731280 fadL 9.5
YP_001731612 ascB 12
YP_001732055 IptB. 15
YP_001729189 kil 17
YP_001731600 stlB 17
YP_001732324 pitA 24
YP_001732178 fusA 27
YP_001732722 clpQ 29
YP_001731255 usg 32
YP_001730080 ndh 32
YP_001731803 pek 3
YP_001730109 yegX 38
YP_001729392 cueR 39
YP_001730933 yodB 39
YP_001732476 poZ 40
YP_001730191 oppB 43
YP_001729811 gsiD 46
YP_001730697 thrs 48
YP_001730202 exo 48
YP_001730123 minD 48
YP_001730654 ydhy 50
YP_001732070 yheD 53
YP_001732413 yiaT 54
YP_001733064 nanS 58
YP_001733046 fecR 59
YP_001729686 kdpF 59
YP_001732163 £5pC 61
YP_001729282 yaiv 61
YP_001730808 msrC 64
YP_001733082 VA 64
YP_001729895 yeaR 68
YP_001729221 yagk 68
YP_001732005 yraN 69
YP_001731054 yehC 77
YP_001729832 YHN 78
YP_001731011 wzb 78
YP_001729094 yadL 81
YP_001729440 ybeC 82
YP_001729154 metQ 83
YP_001730799 yobF 85
YP_001731716 Igt 91
YP_001733075 YiiZ 93
YP_001732102 yhdH 96
YP_001729070 pdhR 96
YP_001730456 narV/ 98
YP_001729266 frmB. 98
YP_001729337 cyoB 99
YP_001732047 mlaD 100

Figure 5. Two clones containing the FadR lipid-responsive regu-
latory insertion show an increase in GFP fluorescent signal during
nitrogen depletion growth and induced lipid accumulation.

field from the University of California at San Diego. This
chloroplast vector utilizes the psbD promoter to control
the expression of the green fluorescent protein (GFP)
reporter. In order to obtain the dual control, we need place
the FadO operator sequence within the psbD promoter,
without disrupting its constitutive promoter function. We
created four variants of the psbD promoter by introducing
the 17 bp FadO operator sequence at key positions. We
obtained successful transformation and reporter incor-
poration for the 4 constructs as confirmed by PCR experi-
ments. Nevertheless, only two of the constructs yielded
stable and constitutive expression of the GFP reporter.
The results indicate that addition of the FadO sequence
around the TATAATAT site of the promoter did not affect
the function of the psbD promoter while the addition of
the FadO sequence around the 3’ side of the -10 PRB1 and
the 5’ side of the -40 PRB2 sites of the promoter disrupted
its function. Figure 4 shows three panels for each of our
working GFP reporter constructs, the first panel is the
white light image for the cells, the second panel shows
the fluorescent excitation (red) of chlorophyll A to locate
the chloroplast and the third panel shows the engineered
GFP (green) emission. These results confirm that the GFP
reporter protein has been introduced into the chloroplast
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genome of C. reinhardstii; it is expressed constitutively and
is localized to the chloroplast.

To accomplish the second goal (FadR regulator incorpora-
tion) and to complete the biosensor we utilized a chloro-
plast specific plasmid, pLM20, which was kindly provided
by Dr. Michel P. Goldschmidt-Clermont from Univesité de
Geneéve, Switzerland. The pLM20 plasmid incorporated
the FadR regulator gene - under the control of the atpA
constitutive promoter - into the C. reinhardtii chloroplast
genome that was previously modified by the incorporation
of the GFP reporter. Successful transformations yielded
the incorporation of active FadR. When active FadR is
expressed in the chloroplast of the GFP-C. reinhardtii
(FadR-GFP-C. reinhardtii), it binds to the FadO regulatory
sequence and down-regulates the expression of the GFP
marker under low lipid conditions. As explained above,
FadR binds to FadO in the absence of acyl-CoA lipids,
therefore it is hypothesized that expression of the GFP
reporter would be blocked by FadR until the concentration
of lipids in the chloroplast surpassed a certain threshold.
Like other lipid producing strains of algae, C. reinhardtii

is capable of producing and accumulating lipids under
nitrogen starvation conditions. To test the functionality of
our lipid-based biosensor, we performed an experiment

in which the FadR-GFP(FadO)-C. reinhardtii mutant was
grown in nitrogen rich medium. Algae growth depleted
the nitrogen concentration in the medium triggering lipid
accumulation. As the nitrogen concentration dropped, the
FadR-GFP-Sta6-C. reinhardtii mutant started producing
and storing lipids. Figure 5 shows the normalized increase
of fluorescence over time as the biosensor is activated

by the increase in lipid concentration. The increased GFP
fluorescence over time (1.5 fold) reflects the activity of the
engineered lipid responsive bioswitch. These results con-
firm that the biosensor is capable of recognizing increased
chloroplast lipid concentrations and that after three days
maximal response was achieved. A portion of this research
was presented as a poster, “Development of a Fatty Acid
Inducible Algal Bioswitch”, at the 4th International Confer-
ence on Algal Biomass, Biofuels and Bioproducts in Santa
Fe, NM, June 2014.

Impact on National Missions

The project builds LANL capability in engineering cellular
factories and specifically aims to reduce the cost of biofuel
production by simplifying oil extraction. Proof-of principle
demonstration in this project has positioned us to acquire
external funding from the biofuels industry, from DOE
EERE, or the DoD for further optimization, expansion, and
potentially commercialization of our concept. Two LANL
postdoctoral students involved in this project, Tuhin Maity
and Ramesh Jha, leveraged experience gained through this

work to obtain full time employment. Dr. Jha was convert-
ed to a LANL staff member and Dr. Maity accepted an algal
biofuels R&D position in industry.

References

1. Salgado, H., M. Peralta-Gil, S. Gama-Castro, A. Santos-
Zavaleta, and J. Callodo-Vides. RegulonDB v8. 0: omics
data sets, evolutionary conservation, regulatory
phrases, cross-validated gold standards and more.

2. Zhang, F., M. Ouellet, T. S. Batth, P. D. Adams, C. J. Pet-
zold, A. Mukhopadhyay, and J. D. Keasling. Enhancing
fatty acid production by the expression of the regula-
tory transcription factor FadR. 2012. Metabolic engi-
neering. 14 (6): 653.

3. Zhang, F.,, J. M. Carothers, and J. D. Keasling. Design
of a dynamic sensor-regulator system for production
of chemicals and fuels derived from fatty acids. 2012.
Nature biotechnology. 30 (4): 354.

4. LiCata, V. J., and A. J. Wowor. Applications of fluores-
cence anisotropy to the study of protein—DNA interac-
tions. 2008. Methods in Cell Biology. 84: 243.

5. Bailey, T. L., M. Boden, F. A. Buske, M. Frith, C. E. Grant,
L. Clementi, J. Ren, W. W. Li, and W. S. Noble. MEME
Suite: tools for motif discovery and searching. 2009.
Nucleic Acids Research. 37 (suppl 2): 1.

Publications

Marti-Arbona, R., S. N. Twary, R. K. Jha, and C. M. Yeager.
Development of a fatty acid inducible algal bioswitch.
Invited presentation at 4th International Conference
on Algal Biomass, Biofuels and Bioproducts . (Santa Fe,
15-18 June, 2014 ).

181



Complex Natural & Engineered Systems

Exploratory Research
Final Report

A New Class of Antibody-like Molecules that Signal Upon Binding

Geoffrey S. Waldo
20120449ER

Abstract

Antibodies are used in every biology lab for binding
target molecules. For detection, antibodies need labels
(such as a fluorescent molecule), so the excess labeled
antibody must be washed away to see just the antibody
that bound. Biology needs antibody-like binders that
give a signal only when bound to the target.

Our two-piece split green fluorescent protein (GFP) acts
like a signaling anti-body/antigen pair. One 15 amino
acid piece of the GFP acts as an antigen (piece of a
target molecule), and it is bound by the remainder of
the GFP ‘detector’ to become fluorescent GFP (acts like
a signaling antibody). But this GFP detector only recog-
nizes itself. We trained GFP to recognize pieces of other
proteins. This involved making a library of GFP mutants,
each made in a different cell, changing the amino acids
on the area of the GFP that binds the new protein, and
looking for mutants that turned fluorescent with the
new protein.

We were the first to: (1) apply Rosetta in silico design to
GFP containing its chromophore; (2) show this model
could predict the stability of different GFP mutants; (3)
experimentally generate hundreds of mutations at the
interface of the detector GFP and the peptide it binds,
and correlated the stability of these with in silico Rosetta
predictions; (4) engineer a GFP detector that recognizes
a peptide containing the most challenging sequence

of a pathogenic protein from M. tb CFP-10, involved in
virulence and early infection; (5) discover photoswitch-
ing mutants of a thermostable fluorescent protein that
could lead to signaling antibodies whose binding is
controlled by light.

We showed that novel fluorescent proteins can act as
signaling antibodies. This will transform high-through-
put/high-content biological assays in living cells. The
likelihood of follow on funding for this cutting-edge
project is high: NIH has a strong interest in antibodies for

live cell biology, and DTRA and DHS need stable assays
for specific biological agents.

Background and Research Objectives
Modern biology needs tools to specifically label target
proteins in living cells so that their movements and
activities can be watched and better understood. Our
long-term objective is to make a new class of antibody-
like proteins based on fluorescent proteins that become
fluorescent when they bind to a specific peptide or
protein surface. Unlike conventional antibodies, these
reagents would be straightforward to make, and would
be expressed functionally in living cells. They would
give a signal only when they bound their intended tar-
get. Long-term objectives include (1) making signaling
antibodies that recognize linear epitopes by structural
complementation with a peptide sequence, restoring
folding and creating fluorescence; (2) making signal-
ing antibodies that bind to surfaces of folded proteins,
restoring fluorescence by shielding the chromophore of
the fluorescent protein.

Conventional antibodies and single chains cannot be
functionally expressed in living cells. Cells must be
permeabilized for antibodies to get in from outside,
preventing many types of experiments. Once introduced,
they give a signal whether they bind their target or not,
requiring removal of unbound labeled antibody. We
propose two new classes of antibody mimics that signal
with fluorescence when they recognize their target.
One class is well suited for linear epitopes, including the
intrinsically disordered regions recently recognized to
occur in up to 40% of all eukaryotes. The second class is
best suited for binding patches on folded proteins. Key
advantages are that they can readily be expressed in
situ and signal only when they recognize their targets.
Furthermore, the sequence of the linear epitope can be
used to guide the in silico design of specific binders. If
successful, these signaling binders should revolutionize
antibody technology, enable countless new applications
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in living cells, such as monitoring intrinsically disordered
proteins, high-content high-throughput assays, and new
modes of target detection.

How our project goes beyond existing and competing
work: Our work is distinct from fluorobodies, fluorescent
proteins displaying binding loops in turns of the scaffold.
Work continues at LANL and elsewhere to make these suf-
ficiently robust to tolerate diverse loops. It is not imme-
diately obvious how to make the fluorescence dependent
on binding. Our new signaling antibodies omit a peptide
strand of GFP, and then remodel the inter-face to recognize
a new linear epitope. Binding results in fluorescence by re-
storing folding. The challenge here is to remodel the inter-
face to specifically recognize and fold with a new peptide
in lieu of the original native strand. This is also very differ-
ent (and more challenging) than our on-going work with
split GFPs, which has been focused on optimizing the solu-
bility and stability of the native split fragments, increasing
the repertoire of known split protein scaffolds from differ-
ent species, and using them for protein detection and pro-
tein interactions. Work elsewhere using our split protein
mutants, has mostly been of a confirmatory nature, further
demonstrating the remarkable folding robustness of our
split GFP sys-tem. Other GFP biosensor work has been
focused on allosteric detectors incorporating a binding pro-
tein into a structurally sensitive region of the GFP scaffold.
Examples include GFPs incorporating anti-beta lactamase
binding protein and metal binding sites, and the like. To

be useful, the signaling binders need to be generalizable,
specific, and have a very high on/off ratio. Most of these
allosteric reporters show very modest changes in absolute
signal (a factor of 2) going from unbound to fully bound
state. But our split GFP shows a > million-fold increase in
fluorescence on peptide binding. Our new reporters based
on custom structural complementation would be expected
to have a similarly impressive dynamic range. Our GFP
reagents are in use in hundreds of labs. If we succeed in
making the antibody mimics proposed here, they would
have an even greater impact on cell biology.

Key Objectives identified during the course of this project
that were required to achieve the maximum of the long-
term goals include: (1) devising a reliable in silico model
(Rosetta program) of the stability of various GFP mutants
(needed to help guide evolution of the new detector GFP).
Previously no one had figured out how to incorporate the
chromophore (the part of the GFP in the center of the
11-stranded barrel that actually fluoresces); (2) Validate
the new Rosetta model by testing its ability to in-silico rank
the stability of a set of several different GFP mutants of
known experimental stability. This was needed to ensure
the model could guide evolution by accurately suggesting

stabilizing mutations; (3) Use the model to evaluate the
stability of a comprehensive set of mutations of known
stability of the existing small peptide of GFP. This would

be a further test to see how well the in-silico model would
perform to guide evolution of the existing strand into the
sequence of the new protein target; (4) gradually morph
the GFP S11 strand to match the sequence of a disordered
region of CFP-10 from M. tb. all the while mutating the
GFP 1-10 detector to ‘catch up’ and recognize the new se-
guence. This would establish the feasibility of finding GFP
based signaling antibodies against real targets of interest,
in this case, a pathogen protein involved in virulence and
TB infection; (5) Discover mutations of thermal green pro-
tein that could lead to efficient light-activated dissociation
association of the GFP detector strand (signaling antibody)
and the target protein (antigen). This could lead to tools to
control detection and neutralization of proteins using light.

Scientific Approach and Accomplishments
Our robust protein tagging and detection system is based
on the 11 beta-strand GFP scaffold. The 15 amino acid
strand 11 (S11) tags proteins, GFP beta strands 1 to 10
(GFP 1-10) serve as a detector. Neither fragment alone is
fluorescent but recombine to generate fluorescence. Fea-
tures pertinent to Goal 1: (1) The S11 acts like an epitope
tag, and the GFP 1-10 acts as an antibody; (2) unlike exist-
ing antibodies it lights up only when it binds its epitope
tag; (3) importantly the GFP 1-10 detects its epitope target
(511) in living bacteria and eukaryotes. We used GFP 1-10
as a signaling antibody in a parallel study vs. conventional
antibodies in cell applications, where it increased the
signal-to-noise in flow cytometry sorts up to 100-fold, due
to the fact that the unbound GFP 1-10 is non-fluorescent.
The greatest challenge remains: the specific S11 ‘epitope
tag’ needs to be attached to proteins. What is needed is a
new kind of GFP 1-10 that can detect any peptide, not just
the original S11 strand. Then we could go after a large frac-
tion of the numerous linear epitopes already known from
conventional antibody work as well as the challenging class
of intrinsically disordered proteins. The extended disor-
dered regions should be rich in accessible linear epitopes,
and our ability to predict these regions in proteins has
dramatically improved in the last few years further increas-
ing the impact of the proposed research.

Rosetta Prediction of Stability of Known Fluorescent Pro-
tein Mutants

We evolved several versions of a fluorescent protein from
Corynactis California GFP, by selecting for stable fragment
reassembly. These had varying stabilities, including some
that were exceptionally stable to chemical denaturation
(Figure 1, right). Since no one had ever used Rosetta to
estimate fluorescent protein stability, we had to devise an
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approach to include the chromophore of the GFP inside
the barrel (numerous combinations of constraining it on its
ends, allowing some relaxation). Once we devised a good
approach we tested Rosetta’s ability to rank the stability of
the Corynactis California GFPs. Excellent agreement was
observed (Figure 1, left)

Rosetta Prediction of Stability of Interaction between GFP
1-10 and mutants of S11

GFP1-10 was treated as a protein and S11 was treated

as a peptide. Several approaches were tried, in the most
successful method; the energy function had a damped
repulsion term. This “soft repulsion” has been successful in
capturing the effects of bulky substitutions in monomeric
proteins, by allowing for low penalty upon atomic clashes,
which otherwise are actually relieved in proteins by subtle
perturbations in the backbone. 3 rounds of packing and
minimization of the interface residues for GFP1-10 and
S11 gave baseline binding energy for GFP 1-10/native S11.
Binding energy was calculated by subtracting the energy
score of repacked GFP 1-10 and S11, placed 1000 A from
the energy score of the complex modeled. Each residue

of S11 was mutated to one of the 20 amino acids, and we
calculate the binding energy for GFP 1 10/mutant S11. We
calculated the difference in binding energy of GFP 1-10/
native S11 and GFP 1-10/mutant S11 (Figure 2, left side).
Experimental results were obtained by constructing all 20
possible mutations at each of the 16 positions of S11 and
expressing in E. coli containing GFP 1-10. Higher fluores-
cence was considered to indicate greater stability (recogni-
tion of the S11 mutant by GFP 1-10) (Figure 2, right side).
Results: Overall, for outer pointing residues such as D216,
V219, H221, Y223 and N225: binding energy predicted for
single point mutations by Rosetta is quite consistent with
experimental results. For outer residues: H217, A227 bind-
ing energies predicted by Rosetta is slightly different from
experimental results due to flexibility at the ends of the
peptide in Rosetta model (Figure 2).

High-profile target

CFP-10 C-terminal disordered tail is essential for the secre-
tion of the ESAT-6/CFP-10 heterodimer complex by the
ESX-1 secretion system (aka the RD1 region). M. tb uses
this ESX-1 secretion system to deliver virulence factors into
host macrophage and monocyte white blood cells during
infection (Figure 3, left side). Our Goal: develop GFP1-10
to recognize the C-terminal disordered tail of M. tb CFP-
10 and turn on fluorescence with goal of eventually using
it to inhibit the secretion of ESAT-6/CFP-10 complex and

to detect the presence of this complex in M. tb infected
patients. Process: Referring to Figure 4, the sequence of
S11 is replaced with a 1 or a few amino acids of CFP-10,
and then GFP 1-10 was mutated to catch up. 35 libraries

of all possible single point mutations on GFP 1-10 within

5 A of GFP S11 were constructed and recombined onto a
single GFP 1-10 scaffold. Each mutant had approximately
2-3 changes. Several rounds were performed, and then an-
other mutation was made on S11 to make it an ever-closer
match to CFP 1-10. Key residues of GFP most sensitive to
mutation (see Figure 2) were targeted first. Results: A new
GFP 1-10 that recognizes a new S11 in which key residues
have been changed to match CFP-10. Referring to Figure
3, right side, the original GFP 1-10 does not recognize the
new S11. The new GFP 1-10, carrying up to 15 new muta-
tions, recognizes the new S11.

Photoswitching mutants of thermotolerant green fluores-
cent protein (TGP)

During the course of this project we included additional
scaffolds with superstability as potential candidates for
ultra-robust fluorescent signaling antibodies. During the
course of this work Patricia Langan and co-workers dis-
covered new mutants of TGP previously developed in
Andrew Bradbury’s lab, that could be switched repeatedly
between strongly and weakly absorbing states, or strongly
and weakly fluorescent states (Figure 5). The significance
is, that this is expected to be associated with cis/trans or
protonation/deprotonation of the chromophore: accom-
panied by a change in stability. We expect to be able to ex-
tend the results of this project to include signaling antibod-
ies whose binding can be turned on and off with light.

Impact on National Missions

By providing new in vivo detection reagents with ‘zero-
background’ and ease of production, and a means to engi-
neer them, we will position LANL to be competitive in gain-
ing funding for two major future mission areas, the first in
the specific detection and monitoring of protein targets in
living cells, and the second the detection and analysis of
protein trafficking and expression during physiological pro-
cesses including baselines and responses to environmental
factors or disease states including biothreats or cancer. We
would define a new class of detection reagents, more gen-
erally the concept of ‘completeins’, or ‘signaling antibodies’
generated by perturbation co-evolution. We plan to carry
this work to the next level in our recently submitted NIH
RO1.
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Figure 1. Rosetta predicted stability of mutants of Corynactis
california fluorescent protein (y axis) vs. experimental stability
derived from chemical unfolding profiles (x axis) (left panel).
Chemical unfolding profiles of the stability mutants (right panel).
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Figure 2. Effect of single point mutations of strand 11 (S11) on
stability of GFP 1-10 + S11 complex. All possible mutations were
made (rows) at each of the positions of S11 (columns). Left panel
shows Rosetta stability, color coded black (very deterimental) to
bright green (very stable). Right panel shows experimental com-
plementation of E. coli colonies corresponding to each mutant/
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Figure 3. Schema for engineering new versions of the GFP 1-10
strand that recognize disordered regions of proteins.
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Figure 5. Photoactivated mutants of thermal green protein
(TGP). Left panel, photochromic shifter, right panel, fluorescent
photoactivated protein. These can serve as templates for making
signaling antibodies that can be activated to bind a protein using
light.
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Abstract

In the production of microalgal biofuels, an effective
harvesting strategy that results in high biomass yields

at low energy costs has yet to be optimized. Currently,
microalgal pond biomass represents only ~0.1% of pond
volume, and harvesting strategies relying on water re-
moval have high fuel and energy costs. The small particle
size and cell density of microalgae is a physical impedi-
ment to cell removal. Therefore, a cost-effective strategy
to induce microalgae to self-aggregate is desirable. We
compared and contrasted two different strategies to
induce auto-flocculation in Auxenochlorella protothecoi-
des, a common production strain of microalgae:

e Self-recognition and aggregation: We have identi-
fied target cell surface proteins by trypsin digestion
of whole cells and mass spectrometry (MS) analy-
sis. Binding protein sequences specific to cell wall
targets were fused to algal cell wall proteins in an
attempt to induce aggregation.

e Cell surface charge induced aggregation (Figure 1):
Expression of hyaluronic acid, a polyanion, was at-
tempted in A. protothecoides. Aggregation that is
induced with polycations or a drop in pH.

Background and Research Objectives

A significant constraint for the large-scale commercial-
ization of the emerging algal biofuels industry is the
financially and energetically costly process of harvesting
biomass from ponds. There are two constraints that limit
the efficiency of microalgae harvesting. These include,
the small size (2-10 um) of microalgal cells, and their
very low densities in ponds ranging from 0.1-0.5% of the
total mass. As much as 30% of the cost of producing algal
biofuels is associated with the concentration of cells to

a level that is workable for oil extraction. We proposed
to take advantage of the biology of the algae to facilitate
harvesting by expressing surface-exposed, self-aggregat-
ing biomolecules. These molecules were chosen for their

ability to induce auto-flocculation of algae into macro-
scale aggregates that can be cheaply harvested using
low energy, high throughput, and commercially scal-
able technologies (acoustic focusing, straining, settling).
We expected to develop: 1) innovative technologies to
control gene expression in Algae, 2) Expression of novel
biomolecules that will efficiently flocculate algal biomass
with virtually no energy costs. These results will lead to
and energy efficient, economical methods for harvesting
algae.

Scientific Approach and Accomplishments
Hyaluronic acid production in Auxenochlorella proto-
thecoides

Paramecium bursaria Chlorella virus (PBCV-1) contains

3 genes that it expresses upon infection of Chlorella
NC64A that produce extruding HA chains from the algae.
We searched the recently genome sequence of A. proto-
thecoides (JGl) for genes necessary for the synthesis of
HA. A. protothecoides contains homologs to all but the
hyaluronic acid synthase, HasA (Figure 2).

To constitutively express HasA and A609L, we created

a vector containing with the multiple cloning site con-
nected to the paramomycin resistance gene, AphVil|
(for selection in A. protothecoides), with a self-cleaving
FMDV-1 linker. We placed our gene of interest for
expression: HasA alone or HasA and A609L connected
with the FMDV-1 linker to ensure that both proteins are
expressed at similar levels.

A transformation protocol was developed and optimized
for A. protothecoides. This is the first time the trans-
formation of this organism has been reported. Trans-
formants were screened by PCR for gene insertion and
gPCR for mRNA expression. All transformants had HasA
expression, but few expressed both HasA and A609L,
most likely due to A609L following the antibiotic-resis-
tance gene.
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We tested for the extracellular expression of HA using hy-
aluronic acid binding protein (HABP)-biotin and avidin-FITC
. Some cells stained green, an indication of hyaluronic acid
on the surface, but not ubiquitously (Figure 3).

With our collaborator at Washington University, Robyn
Roth, we examined mutant and wild-type cells for hyal-
uronic acid chains on the surface of cells using Deep Etch
Electron Microscopy (DEEM) (Figure 4).

Mutants appear to have surface structure that differs

from wild-type. In order to test for hyaluronic acid, we at-
tempted several times to detect hyaluronic acid by agarose
gel and ethidium bromide and Stains-All staining with a
hyaluronic acid molecular weight marker (HA MW) and
treatment with hyaluronidase to confirm hyaluronic acid
presence in samples. The different stains help differentiate
between DNA and protein or hyaluronic acid. Unfortunate-
ly, no long-chain hyaluronic acid was detected.

In order to induce flocculation, we added varying levels

of cations and dropped pH in samples and observed them
over time. Although we observed no obvious cell clumping
or aggregation, cells were more sensitive to lysis. We are
currently examining this characteristic for future studies.
Easier cell lysis may be an advantageous quality when
removing lipids for biofuel production.

After multiple unsuccessful attempts to show hyaluronic
acid synthase protein expression in our lab, we have now
sent samples to Kendrick Labs in Madison, WI for 2D
SDS-PAGE for proteome comparison of wild-type cells to
hyaluronic acid synthase-expressing mutants. These data
should provide a conclusion to this portion of the ER, and
provide the final piece of information for publication.

Cell wall proteome determination and tagging in Auxeno-
chlorella protothecoides

A. protethecoides, obtained from Phycal, was grown in

a 1L flask of Sueko’s HS media until stationary phase.
Cells were centrifuged, washed twice with HS media and
PBS, and centrifuged again. Cells were resuspended in a
small volume of PBS and digested with trypsin for varying
lengths of time, 30 min — 3 hr. Cells were removed from
samples on a 50000 MWCO filter spin column. Samples
were frozen at -800C and sent to PNNL for mass spectrom-
etry analysis. 10 uL was run on an SDS-PAGE gel . For one
time point, 45 unique peptides were identified. In total,
233 protein sequences were found. Found 40 peptides in
30 min PBR digestion samples corresponding to 23 se-
guences. We BLASTed each sequence in the A. protothe-
coides genome, transcriptome, and the NCBI database; we
also ran hydropathy plot analysis on potential candidates.
We selected a protein that appeared repeatedly in digest-

ed samples and could be found in the transcriptome:

MEVEPSSTHRRVVNKEFQPKMVSARAFVLVVAISL-
WAGVHADEVDSLLSTKKEWVDEALSSWEKVLAPVPKVETPPAK-
VPKYVWPVPVPKEEPEVPSKKDLESELFAKFDLKPATPSPKPKPE-
VELPAVTLPPKPEVEVKSVVLPPVPEIKLPAVTLPPIPEIKLPAVTLP-
PVPEITLPAVTLPPVPEITLPAVTLPPLPEFTLPAITLPPLPEFTLPT-
FTPSP

Due to the presence of >45% PVKCYT residues, this protein
is defined as a proline-rich protein. It has sequence simi-
larity to mammalian periaxin and plant cell wall protein.
Hydroxyproline-rich glycoproteins occur predominantly at
the cell surface and are implicated in network formation,
disease resistance, cell differentiation and morphogenesis
(essential in root-hair growth). These proteins are extend-
ed rod-like molecules with highly repetitive peptide motifs.
They are generally extensively post-translationally modi-
fied by hydroxylation of proline, O-glycosylation of Ser and
Hyp residues, and both intra- and intermolecular cross-
linking. Hydropathic analysis of the sequence indicated
that it may have an extended rod-like structure.

We attempted two different protein-tagging experiments.
In the first, we used a chitin-binding protein. Due to high
chitin-content (~40%) in the cell wall of A. protothecoides,
we attached a chitin-binding domain to induce cell floccu-
lation:

MEVEPSSTHRRVVNKEFQPKMVSARAFVLVVAISL-
WAGVHADEVDSLLSTKKEWVDEALSSWEKVLAPVPKVETPPAK-
VPKYVWPVPVPKEEPEVPSKKDLESELFAKFDLKPATPSPKPKPE-
VELPAVTLPPKPEVEVKSVVLPPVPEIKLPAVTLPPIPEIKLPAVTLP-
PVPEITLPAVTLPPVPEITLPAVTLPPLPEFTLPAITLPPLPEFTLPT-
FTPSPGSGSGTTNPGVSAWQVNTAYTAGQLVTYNGKTYK-
CLQPHTSLAGWEPSNVPALWQLQSRK

The sequence was inserted into our A. protothecoides
expression vector, and transformants were screened for ex-
pression. We also expressed and purified GFP-CBP in E. coli
to test binding of CBP to A. protothecoides with fluores-
cence microscopy compared to C. reinhardtii (a microalgae
with no chitin in its cell wall) to confirm the CBP ability to
bind to the A. protothecoides cell wall. Cells stained green,
showing GFP-CBP binding (Figure 5).

Unfortunately, although we confirmed transformants with
PCR and mRNA expression, we saw no noticeable floccula-
tion of algal cells with this expression. In our second exper-
iment, we tagged the cell surface protein with negatively
or positively charged peptides, E-coil (glutamate polymer)
or K-coil (lysine polymer). When combined, these coils
bind to one another with very tight affinity (60 pM). By
expressing each coil in two different mutants and combin-
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ing them, we aimed to achieve flocculation by cells sticking
to one another. These are utilized in Andrew Bradbury’s
lab for protein purification, immobilization, and antibody
tagging. Although we successfully transformed with PCR
and mRNA confirmation, we saw no noticeable flocculation
of algal cells when combining E-coil tagged cells to K-coil
tagged cells in the presence of cation, with a shift in pH, or
in media alone.

This work was presented at the Los Alamos Postdoc Re-
search Day in 2012 and 2013, receiving an Outstanding
Poster Award Honorable Mention. It was also presented
at the Algal Biomass, Biofuels, & Bioproducts conference
in both 2012 and 2013. Lastly, this work was presented in
multiple seminars, such as the Summer Science Lecture
Series at LANL, invited talks to the Society of American
Military Engineers and the Military Order of World Wars,
and at site visits to the New Mexico Consortium Entrada
building by multiple groups.

Impact on National Missions

As recognized in the final report of the NAABB Consortium,
one of the major constraints limiting the economic and
sustainable production of fuels from algae is the cost of
harvesting algae. In ponds, algae account for 0.1% of the
total mass, so substantial quantities of water need to be
removed prior to fuel conversion. It was our hypothesis
that the most efficient way to recover microorganisms at
low density was to induce auto-flocculation. To meet this
challenge we brought new capabilities to the lab to geneti-
cally engineer algae and to target gene expression to vari-
ous compartments of the cell. Dr. Amanda Barry was hired
to carry out this project as a postdoc and made substantial
contributions to the overall algal biofuels program in addi-
tion to her ER project. She set up and maintains an array of
33 environmental Photobioreactors that are heavily used
throughout LANL for phenotyping algae. Amanda has also
been active in the LANL Postdoc Program.

At this stage, we have not yet identified an appropriate
ligand to induce autoflocculation under constitutive gene
expression. That being said, in the last month, we have de-
veloped a unique gene switch that is controlled by exoge-
nously added xenobiotics. This gene switch technology will
allow us to turn on the autoflocculation factors only at the
time of harvest and reduce potential growth impairment
associated with continuous expression of the transgenes.
This advancement prepares for going forward for external
funding opportunities to induce autoflocculation of cells to
harvest biomass economically.
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Figure 1. (A) Expression of hyaluronic acid on the cell wall of
algal cells; (B) Cartoon of the structure of the membrane span-
ning protein, HasA and hyaluronic acid structure; (C) Expression
of hyaluronic acid in Bacillus subtilis; (D) Molecular structure of
hyaluronic acid.
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Figure 2.  Pathway for the synthesis of hyaluronic acid (hyal-

uronan). Red-boxed proteins are those selected from the virus
expressing hyaluronic acid to be expressed in A. protothecoides.

Figure 3. Detection of hyaluronic acid on the surface of wildtype
(wt) or transformed (A1 mutant) algal cells using HABP-biotin
and avidin-FITC. Cells appear green if stained
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Figure 4. DEEM images of wildtype and transformed A. proto-
thecoides cells. Two representative images of each.

Figure 5. Algal cells examined for the presence of chitin in the
cell wall utilizing chitin binding protein bound to fluorescent pro-
tein, GFP. Cells stain green if chitin is accessible
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Abstract

This project was a pilot study, demonstrating how

to integrate three complementary disease detection
approaches, from early diagnosis to complete charac-
terization, in a human population with a high disease
burden, and to generate a quantitative model that can
improve our ability to combat the emergence of invasive
and drug resistant pathogens. We successfully estab-
lished a collaboration with a research group conducting
a decade-long clinical research study in Siaya, Kenya,
measured patient samples from this research study with
all three of our diagnostic techniques, and produced an
epidemiological model of circulating co-morbidities in
the presence of complex mitigations of sufficient realism
to guide the development and application of diagnostic
assays in the full study. For the diagnostic development
portion of the project, we simultaneously identified
three distinct pathogens (non-Typhi Salmonella, HIV, and
Plasmodium falciparum) and a drug resistance marker
(the CAT-A chloramphenicol resistance gene) directly
from a patient serum sample. We obtained strong posi-
tive signals in a novel molecular diagnostic assay for
tuberculosis in several patients, matching their presump-
tive clinical diagnosis. We produced draft genomes

of thirty representative Streptococcus and Salmonella
isolates cultured from archived patient samples, identi-
fied and validated PCR reagents to identify these organ-
isms, and identified several antibiotic resistance markers
which have a presence / absence profile with high con-
cordance to the antibiotic resistance profile measured in
the clinical laboratory. For the modeling portion of the
project, we developed a hybrid code to combine statisti-
cal analysis of clinical records of 1,652 patients making
18,853 visits to the clinic with an epidemiological model
of nine co-circulating disease over a fifteen year period,
from 2000 to 2015. This model was both a proof-of-
concept and sufficiently detailed to inform prospective
sample collection in the follow-on project.

Background and Research Objectives
Biosurveillance (BSV) is a National priority to ensure suit-
able response in the event of a natural outbreak, delib-
erate biowarfare, or an emerging infectious disease. BSV
requires the development of diagnostics and pathogen
characterization methods that can be successfully used
in complex human populations, along with the system-
atic integration of clinical, demographic, diagnostic and
pathogen characterization data, to provide situational
awareness, perhaps in the form of an epidemiological
model.

The National Biosurveillance Strategy [1] and implemen-
tation plan identifies three major technological gaps that
need to be overcome for BSV of emerging infectious
diseases: 1) early point-of-treatment diagnostics, 2) pre-
dictive epidemiological and forecasting models and 3)
effective integration and analysis of big data. The goals
of our project were to develop methods to overcome
the first two limitations identified in the strategy, and to
demonstrate the cohesive integration of experimental
(diagnostics, characterization), clinical and geographical
data to derive a multi-disease epidemiological model
capable of informing the decision making process in
future outbreaks in real time: Integrative Biosurveillance
(Figure. 1).

To overcome existing limitations in point-of-treatment
diagnostics, and to provide pathogen characterization
for epidemiological modeling, we developed a tiered ap-
proach encompassing four types of diagnostics (Figure.
2). Clinical examinations (Tier O in Figure 2) are most fre-
quently utilized for categorizing disease, but cannot reli-
ably diagnose all conditions, such as systemic infection
with drug-resistant Salmonella. Point-of treatment diag-
nostics (Tier 1 in Figure 2), currently used only for a small
subset of diseases (e.g., influenza), can provide a reliable
measurement of active infection, and guide treatment.
For this, we want to develop and deploy fieldable assays
for globally emerging human health threats: non-Typhi
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Salmonella (NTS), Streptococcus sps, Staphylococcus sps
(Staph), and Mycobacterium tuberculosis (TB), using the
highly sensitive, rapid and fieldable LANL Biosensor. Critical
information such as pathogen strain and drug-resistance
cannot always be obtained by Tier 1 diagnostics, and PCR-
assays (Tier 2 in Figure 2) for the amplification and detec-
tion of DNA fragments were developed and validated for
this purpose. Finally, detection of low-prevalence emerg-
ing pathogens and drug-resistance is critical for BSV. For
this, we applied DNA and Smart RNA Sequencing (SRS)
(Tier 3 in Figure 2) to identify and further characterize the
pathogens. Depending on the scenario, one can imagine
a variety of combinations by which these measurements,
shown in Figure 2, can be deployed to achieve situational
awareness.

One of the most challenging aspects of our project is the
direct investigation of diagnostics and modeling in a hu-
man population with a high prevalence of co-morbidities
(e.g., invasive bacterial, viral and parasitic diseases, malnu-
trition). Co-morbidities, together with the indiscriminate
use of antimicrobials, are primary pressures driving patho-
gen evolution, and consequently, the emergence of new
invasive species and drug-resistant super-bugs [2,3]. For a
diagnostic to be of value in humans and for the develop-
ment of relevant models, inclusion of co-morbidities is crit-
ical, however technically and logistically challenging such a
study may be. To address this challenge, we established a
collaboration with a team of scientists in Kenya, led by Dr.
DJ Perkins (UNM, KEMRI) [4]. This collaboration provides
access to extensive clinical data and samples for one of
the highest disease-burden populations in the world, Siaya
(1652 pediatric patients, 18,853 clinical visits, 12 years),
for retrospective study and method development, while
allowing targeted prospective sample collection, uniquely
positioning us to evaluate Integrative BSV using the SoS
strategy (Figure 1). Our specific aims were to evaluate the
feasibility in a full study to:

Discover novel disease signatures in clinical samples and
develop rapid, field deployable assays for early detection
of pathogens in complex backgrounds. Hypothesis: The
human immune system is capable of recognizing specific
pathogen signatures within hours of infection. Discovery
of these ‘conserved’ signatures can enable development
of rapid diagnostics for early detection of infection, both
known and novel. This would be accomplished by: a)
discovery of relevant biochemical signatures (lipids, sugars,
proteins, and nucleic acids), b) developing sampling meth-
ods and reagents for assays, and c) selecting signatures
for selectively discriminating between active infection and
exposure and d) developing a sampling pipeline.

Validate disease signatures that measure active infec-

tion, disease prevalence and drug resistance in a high
disease-burden population. Hypothesis: Diagnostics based
on signatures discovered above can be utilized in clinical
cohorts with confounding co-morbidities and complex
backgrounds. Validation will be accomplished by measur-
ing signatures in blinded clinical samples (deployment of
Tier 1 and 2 assays in Kenya), and demonstrating: a) simul-
taneous detection of multiple pathogens, b) measuring low
prevalence endemic pathogens (including select agents)
and emerging drug resistant phenotypes by sequencing.

Develop epidemiological models to identify primary drivers
of clinical outcome and drug resistance in a high bur-

den population, through the integration of multiple data
sources. Hypothesis: Integrating pathogen characterization
data with diagnostic information, geospatial, demographic
and longitudinal clinical outcome measures can identify
important drivers of drug resistance and clinical outcomes,
to guide resource allocation during an outbreak. We need
to be able to: a) perform a systematic cost-benefit analysis
of tiered diagnostics to optimize healthcare decisions, b)
incorporate co-morbidities and intrinsic uncertainties in

a human population into the decision making process, c)
demonstrate an enhanced epidemiological model that can
be readily deployed to inform decision makers in future
epidemics.

BSV is defined as the continual observation of all aspects of
disease pertinent for control, and involves the systematic
study, collection, analysis, interpretation and dissemination
of health data [5-7]. Historically, BSV in the US has focused
on the intentional release of biowarfare agents [6]. This
paradigm has, however, significantly changed with the
release of the National Strategy [1] that identifies the need
to survey all emerging infections, natural and engineered,
especially drug-resistant strains. The latter concern is
highlighted in the WHO Antimicrobial Resistance Report [8]
that states that one of the greatest challenges today is the
uncontrolled increase in drug resistance, and that trans-
mission of super-bugs can be prevented by early diagnosis
linked to decision support.

Effective BSV has been noted as the single most important
instrument for identifying public health events [9]. Many
BSV systems have been created with billions of dollars
invested in the US alone, and successful examples include
the Electronic Surveillance System for the Early Notifica-
tion of Community-based Epidemics (ESSENCE), the CDC’s
BioSENSE [10], and BIOWATCH [11]. These systems provide
syndromic or environmental surveillance [12], with lim-
ited application to novel outbreaks or unidentified patho-
gens. This is exemplified in recent cases: during the E.coli
outbreak in Germany, it took weeks to identify the novel
strain of the pathogen in bean sprouts [13]. With drug-
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resistance, multi-drug resistant Staph aureus, first identi-
fied in E. Africa, is now common in the US and several
other countries. Indeed, the National Academy of Sciences
Global Infectious Disease Workshop identified that ‘diag-
nosis is the cornerstone of effective control and prevention
efforts, including surveillance’ [14]. Thus, lack of early diag-
nosis is a critical limitation to BSV. Development of diag-
nostics for emerging threats, however, requires accurate
pathogen characterization, which is not always included in
BSV systems, posing a severe impediment to our ability to
track such events in a timely manner. To facilitate sound
decisions, information from multiple sources (clinical,
geographical, laboratory) should be integrated into an
epidemiological model that accounts for existing co-mor-
bidities and pathogen characterization. Current models
used in BSV [15] do not have the complexity necessary to
characterize factors responsible for disease emergence in
situ, limiting their application to surveillance of emerging
infections. Integration of tiered diagnostics (Figure 2) with
an epidemiological model grounded with clinical data and
co-morbidities could overcome these barriers.

Scientific Approach and Accomplishments

In our 9-month feasibility study, we were successful at
identification and procurement of clinical data and sam-
ples, creation of a baseline epidemiological model and
preliminary evaluation of the tiered diagnostics. Integra-
tion of the diagnostics with the modeling will be achieved
in the 3-year effort.

Epidemiological Model: We successfully analyzed data
from 1,652 pediatric patients (18,853 visits), and produced
a baseline epidemiological model with nine co-circulating
diseases in 1,406 geographic compartments, and 5 age
groups that can simulate three years of disease dynamics
in one minute of computer time. This speed will enable
sensitivity analysis and uncertainty quantification of the
cost-benefit analysis of the deployment of the tiered
diagnostics. The retrospective statistical analysis of the
data resulted in some key findings that help constrain the
epi-model. For example, Salmonella-bacteremia is a pri-
mary cause of mortality among pediatric patients and the
type of habitation (screened vs. no windows) is the high-
est ranked demographic risk factor for malaria. We further
discovered that two of the biggest information gaps for our
modeling efforts are: lack of information on the composi-
tion of disease burden (prevalence) within the community;
and lack of understanding of the transmission mechanisms
for diseases and their drug-resistant profiles. This informa-
tion will be derived from the tiered diagnostics.

Diagnostic Development: We developed methods for the
three complimentary diagnostics, evaluated preliminary

sampling methods, procured required approvals, and
received samples from Kenya. We successfully applied
all three diagnostics to patient samples, as illustrated in
Figure 3, demonstrating that we have both the required
sample quantity and quality to achieve our goals.

PCR-assays (Figure 3a): We have identified bacteremia in
patient blood using our real time (RT)-PCR (Figure 3a). PCR
assays detected NTS in three samples, two of which were
concordant with results from traditional microbial culture,
and one (048-04C) in which Micrococcus, a likely skin con-
taminant, was identified through culture. To identify an-
tibiotic resistance, we have used data from the published
literature and our draft genomes to develop a panel of
RT-PCR assays that detect a wide range of resistance genes.

Point of Treatment Diagnostics (Figure 3b): We successfully
detected tuberculosis biomarkers in serum from pediatric
patients with abnormal chest X-rays. If validated in a larger
cohort, this can potentially be the first and only method
for diagnosing active tuberculosis in children [16]. We
developed antigenic lysates for Staphylococci and Salmo-
nella sps isolated from patients in Siaya, and two assays for
protein targets of Salmonella and Staphylococcus, and for
lipopolysaccharide from Salmonella, using the LANL bio-
sensor [17,18]. The precise choice of antigens for diagnos-
tics requires further research.

Genome Sequencing (Figure 3c): We generated draft ge-
nomes of 21 samples selected for preliminary work. Using
SRS, we have correctly identified HIV, NTS, and the malaria
parasite, and bacteremia in blood, concordant with both
the PCR results and clinical diagnostics performed at the
hospital in Kenya (Figure 3a). We are confident that further
optimization of the procedure as proposed has the poten-
tial of delivering a novel pan-diagnostic. Figure 3¢ shows
that 100K pathogen genomic reads using RNA sequenc-
ing can be mapped onto a phylogenetic reference tree by
Sequedex [19,20], further characterizing the transcripts for
strain-typing, virulence, antibiotic resistance markers, and
host immune responses21.

Impact on National Missions

The proposal integrates signature discovery with measure-
ment in patients, and deployment of assays and models for
BSV, corresponding the to SoS strategy. BSV has been a key
SoS endeavor at LANL, and senior lab leaders organized a
BSV Deep Dive in Sep 2013. During this, external experts
(programmatic, academic, industrial) critically reviewed
LANL strategy and investment in BSV, and the proposed
concept was extensively appreciated as innovative, chal-
lenging and critical. Our effort requires the systematic
integration of IS&T and experimental capabilities at LANL
(Co-Design), which is not readily achieved in an academic

192



setting. This integration is not limited to BSV, and can be
applied to other threats (nuclear, chemical, environmental)
in the future. Multi-disciplinary research that harnesses
our core expertise in experiment, modeling and compu-
tation is a critical niche for Biosecurity and a promising
future area for LANL Bioscience.

This nine-month feasibility study has already gener-

ated several external grant proposals, two of which have
already started work at LANL. Both are funded by the
Defense Threat Reduction Agency (DTRA): one, on devel-
opment of Smart RNA Sequencing, at the level of $1,000k
/ year, and the other, delivery of a suite of epidemiological
modeling tools, at the level of $850k / year.

The ideas and code developed for this project enabled us
to rapidly produce a coarse-grained model of the current
West African ebola outbreak.

Background Clinical and Meta-Data
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Figure 1. Overview of pilot project, illustrating how diagnostic
development and deployment can be combined with mechanistic
epidemiological modeling to provide integrative biosurveillance.
The process begins with a baseline epidemiological model, fed by
existing patient records and epidemiological characterizations of
the study population. Over the course of the project, a process
of discovering signatures of importance to measure, developing
assays, and deploying assays occurs. As a result of this iterative
process, an enhanced epidemiological model is produced, lead-
ing to improved patient outcome, cost / benefit analysis for the
diagnostic assays, and an ability to anticipate emerging virulence
and drug resistance among common bacterial pathogens.
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Figure 2. Schematic representation of our complimentary
tiered diagnostics: The diagnostics developed in our project,
RNA sequencing, PCR assays, and direct detection of pathogen
biomarkers are designed to be representative of assays that
may be deployed in a reference laboratory, regional laboratory,
or in the field, respectively. All of the assays are understood to
complement, not replace, clinical examination. The decision
tree by which it is decided which samples are evaluated by each
technique requires non-trivial optimization, and the information
flow by which results inform epidemiological understanding is
an important constraint informing our epidemiological model
development.
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Figure 3. Data showing pathogen detection in patient serum,
generated in this project: (a) compares results of multiple diag-
nostic assays on six serum samples. On the left are the bacterial
pathogen identification, determined by culture, the results of HIV
tests at the clinic, and the observed level of the parasite causing
malaria. In the middle are the results of the LANL-measured PCR
assays, showing positive detection of non-typhi Salmonella in
three samples, the commersurate observation of bacteria (non-
specific), and the lack of detection of Staphylococcus. To the
right are the number of RNA sequence reads identified, for HIV,
the malaria parasite, and non-typhi Salmonella. (b) shows the
fluorescence emission spectrum for tuberculosis biomarker detec-
tion on our waveguide assay platform. (c) shows the phylogenet-
ic profile of reads identified by our RNA sequencing effort, with
over a million Salmonella reads sequenced directly from the RNA
in patient serum. From these reads, we were able to assemble
the chloramphenicol resistance gene.
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Abstract

The focus of this research was on the chemistry of iron
based catalysts pertinent to a variety of reactions with
implications in energy research. Nature utilizes iron-
based species for a wide array of demanding catalytic
bond transformations (e.g. in extremely efficient hydrog-
enases), but our mechanistic understanding of these
processes is poor. Expanding our knowledge of rudimen-
tary organoiron chemistry would potentially have great
impact in catalysis for energy using an earth-abundant
metal.

Background and Research Objectives

Many industrial processes which underpin the produc-
tion and utilization of feedstock chemicals are catalyzed
by compounds containing precious metals. The global
availability of these expensive metals is plummeting.

It is paramount that in order to develop a sustainable
chemical industry, such catalysts are replaced by ex-
amples containing earth-abundant elements. In light
of this, the purpose of this project is to contribute an
understanding of rudimentary organoiron and cobalt
chemistry in a manner relevant to catalysis for energy
using earth-abundant metals, which presents significant
technical challenges compared with current technolo-
gies.

The primary research objective was to synthesize new
coordination compounds based on iron and cobalt met-
als that have potential for catalytic activity. In particular,
processes under examination included hydrogenation,
hydrosilylation, hydroboration, aziridination and C-H
activation.

Given the preliminary nature of this work, the molecu-
lar structure and properties of these compounds were
examined in detail, in addition to their reactivity modes.
Our secondary research objective was to study funda-
mental properties, including the electronic structure and
stoichiometric reactivity, of these new complexes.

Scientific Approach and Accomplishments

A number of approaches were carried out experimen-
tally, essentially varying the geometry, metal oxidation
state and type of ligand. In particular, we used a variety
of redox-active and —inactive ligands, in addition to pro-
ton shuttle type ligands based on basic amide donors.
Several modes of reactivity were probed, including via
metal-ligand multiply-bonded fragments and various
types of metal-ligand cooperativity including bifunctional
behavior.

Six main ligands were examined in detail. These were

of the classes 6, 6"-disubstituted terpyridines (tpy-R2),
N,N’-disubstituted-1,4-diaza-1,3-butadienes (DAB-R2),
bulky diarylamines (R2NH), di-amino pyridine (PDA),
phosphine-di-amine (PNP) and tri-amine (NNN). Tpy-R2
and DAB-R2 systems were investigated due to their po-
tential redox-active nature, whereas R2NH, PDA and PNP
were explored due to their potential bifunctional be-
havior as proton shuttle ligands. Tpy-R2, PDA, PNP and
NNN ligands were designed in order to enforce a square-
planar coordination geometry as recent results indicate
this may be a key factor in promoting catalytic behavior
for first row transition metals such as iron and cobalt.

As a result of the efforts of this project, a total of 21 new
coordination complexes based on iron, cobalt and man-
ganese have been fully characterized, including struc-
tural determination by single crystal X-ray diffraction,
which represents a significant contribution to the field.
The properties of these complexes have been probed by
NMR, IR and EPR spectroscopies and cyclic voltammetry.
This work showed that while some of these complexes
have adopted the intended structure and have shown fa-
vourable properties for catalysis, several of the reactions
characterized in this work demonstrated ligand and/or
complex instability, effectively dead-ending some of our
further studies on these compounds. Although less pro-
ductive, valuable knowledge was also gained from these
“negative” results which will inform future work for the
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synthesis of similar compounds for catalysis. both environmental and economic costs of performing

catalytic chemical production.
Success was achieved with iron and cobalt complexes of

the PDA ligand, as these compounds showed solution state
stability, square-planar geometry (relatively rare for these
metal centers) and contained an open site for substrate
activation. These characteristics have previously been
correlated to favorable catalytic reactivity for hydrogena-
tion and hydrosilylation protocols. Future work will be
required to fully appraise the catalytic properties of these
compounds, but initial studies show that the iron deriva-
tive may catalytically transfer nitrene functionalities from
organic azides. This work will be submitted for publication
shortly in a manuscript entitled “Synthesis and reactivity of
square planar diamido-pyridine complexes based on earth-
abundant first row transition elements”.

Catalytic activity has been unambiguously observed for a
new cobalt PNP complex (hydrogenation, olefin isomeriza-
tion) which provided a notable counterpoint to a related
species which had a less acidic amine donor. This minor
difference in these pro-catalyst structures led to a ma-

jor difference in the structure of the active catalyst. The
observed similarity in reactivity despite these differences
indicated that these hydrogenation reactions may operate
successfully via several different mechanisms.

Use of the NNN pincer ligand resulted in the formation of
a new series of dimeric complexes which contain relatively
rare Co=Co metal-metal bonds. It appears that these
clusters cannot be easily broken up and therefore do not
exhibit catalytic behavior, but nonetheless they represent
a rare structural form which is of interest to the inorganic
chemistry community and furthermore, outlines possible
catalyst deactivation pathways. This work is detailed in a
manuscript entitled “Metal-metal bonded transition metal
dimers based on the diamino-amide ligand” and will be
submitted for publication shortly.

In summary, as a result of this work, we have learned that
numerous pathways for both activation and deactivation
of first row transition metal complexes towards hydroge-
nation and hydrosilylation catalysis exist. This work has
established new ligand frameworks for these metals which
will undoubtedly guide future efforts towards realizing
effective, robust catalysts based on earth-abundant ele-
ments.

Impact on National Missions

The impact of the ongoing development of earth-abundant
catalysis is to create a sustainable chemical economy that
is not reliant on diminishing mineral resources, and aims to
liberate the US from escalating prices and political issues
surrounding their import. Ultimately this work will lower
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Abstract

The response of the terrestrial carbon sink to the
atmosphere is a major uncertainty in global change
projections. Forests and woody vegetation, a major
component of the terrestrial carbon pool, are vulnerable
to die-off from drought. Improved projection of vegeta-
tion mortality and its effect on planetary climate could
be achieved with algorithms accurately representing the
physiological mechanisms of tree survival and mortality.
We demonstrate in a multiple species data synthesis that
xylem hydraulic failure was a nearly universal aspect of
tree mortality physiology during drought, while reduced
non-structural carbohydrates was not. However, such
carbon starvation was a common process prior to death,
especially for gymnosperms, and is therefore likely of
particular importance in boreal forests. We also found

a link between reduced non-structural carbohydrates

at death to a lower xylem embolism resistance. These
results illuminate a path forward for mechanistic predic-
tion of tree drought mortality in a changing climate.

Background and Research Objectives

One of the greatest uncertainties in model predictions
of global climate change is to what extent the biosphere
will continue sequestering CO2. Currently, forest ecosys-
tems feed approximately 33% of all anthropogenic CO2
emissions into organic matter but anticipated regional
forest mortality events in response to rising tempera-
tures and drought threaten positive feedbacks to atmo-
spheric CO2 and climate. Momentum in the field of plant
mortality has been towards delving deeper into the
physiology of mortality and a number of relevant experi-
ments have been conducted. Yet no global model yet
incorporates first-order physiological mechanisms, and
there is a glaring, urgent need to transfer results into cli-
mate change models whose projections could influence
global public policy

Our objectives were to synthesize the of tree drought
morality physiology data from around the world and

analyze species similarities and differences in how trees
die from drought. Our goal is to provide the simplest,
but strongest predictors of tree mortality across forest
plant functional types for improved global change model
development.

Scientific Approach and Accomplishments
We gathered data from studies published and unpub-
lished that measured physiological responses at death
of tree species. Data on non-structural carbohydrates
and xylem embolism at death were then analyzed rela-
tive to control tree responses for each species in each
study. We also related tree species mortality physiol-
ogy to functional traits to enable prediction of mortality
mechanism in species where we do not have at-mortali-
ty responses.

Impact on National Missions

This work directly supports DOE’s Community Land
Model. Addressing this key gap for coupled-vegetation
climate models could lead to the rapid development of
more accurate global change projections that are ur-
gently needed to inform sound climate policy at a global
level.

Publications

Adams, T, and e. al. Nonstructural leaf carbohydrate dy-
namics of Pinus edulis during drought-induced tree
mortality reveal role for carbon metabolism in mor-
tality mechanism. 2013. New Phytologist. : 1142.

Breshears, D., H. Adams, and e. al. The critical amplifying
role of increasing atmospheric moisture demand on
tree mortality and associated regional die-off. . 2013.
Frontiers in Plant Science. 4: 266.

Franz, T., and e. al. Ecosystem-scale measurements of
biomass water using cosmic ray neutrons. . 2013.
Geophysical Research Letters. : 3929.

Zeppel, M., and e. al. Forest mortality due to drought:
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Abstract

Composite systems, designed from the nanoscale up,
are needed to successfully engineer the next generation
of catalysts, sensors, and super-capacitors. A general
challenge in generating composites from nano-scale
“building-blocks” is integrating them so that they retain
or enhance the properties of interest while obtaining
microstructures with a useful layout. In this work, we
aimed to understand material formation by monitor-

ing the building blocks of formation dynamics. This was
accomplished by building a microscope using a combi-
nation of three optical techniques superimposed on a
diffraction-limited spot: Luminescence, Photothermal
Imaging (PHI), and Raman Scattering (Scheme 1, Figure
1). Each of these well-established techniques brings a
different element to structural analysis. Luminescence
measures the position of fluorescent nano-sized objects
and their interactions with the surrounding mesomateri-
al. PHI measures the position of non-fluorescent, absorb-
ing nanoobjects and introduces local thermal agitation
to measure properties of the surrounding mesomaterial.
Raman measures nanoobject anisotropic properties,
local temperature of the surrounding mesomaterial,

and mesomaterial interactions with the incorporated
nanoobjects. The combination of these three techniques
allows selective probing of various aspects of the materi-
als in question allowing for a broader scope of analysis.
Understanding of the formation of materials will enable
a control of material design that will put LANL at the
forefront of material design.

Background and Research Objectives
Nanoparticles and nanomaterials have potential to
dramatically surpass current technologies for catalysis,
renewable energy systems, and environmental reme-
diation, however, exploiting their valuable properties
at more applicable length scales has been a difficult
transition. Thus the current push to create mesomateri-
als; materials on length scales ranging from hundreds
of nanometers to tens of microns. Recent advances in

mesocomposites have led to the development of a new
class of materials formed by self-assembly of colloidal
particles at liquid interfaces. These materials provide a
powerful route to locking in non-equilibrium morpholo-
gies, through a process called interfacial jamming, while
simultaneously opening up new interfacial chemistries,
ultimately providing a robust and flexible design plat-
form for the synthesis of multi-scale advanced materials
with controlled functionality. The result is a bicontinuous
emulsion with chemical functionality imparted by both
liquids and the interfacial particle layer (a Bijel), where
the phase separation becomes trapped far from ther-
modynamic equilibrium by a contiguous monolayer of
nanoparticles that assemble along the interface to form
a sample-spanning gel (Figure 1).

Since this is a non-equilibrium state, and the resulting
structure is highly dependent on the path to completion,
there is a need to develop simple, versatile methods

to characterize these systems. This is not simple. Many
mesomaterials incorporate nanoscale components,
whether they are nanoparticles (spheres, sheets, or
rods) or nanocavities (pores or channels). In some cases,
these embedded nano-objects may only affect the local,
nanoscale, properties of the matrix, while in other cases,
nanoparticles affect the entire structure of the mesoma-
terial. Thus, new characterization techniques must ac-
commodate various length scales while probing different
aspects of the new mesomaterials to fully understand
their properties. Moreover, direct visualization of mate-
rial formation will offer information that can lead to new,
application-specific design of materials (Figure 1).

Thus motivated, we built our new diffraction-limited,
spatial resolution microscope combining correlated Ra-
man, fluorescence, and photothermal imaging. We envi-
sion using these three powerful optical techniques as fol-
lows: Luminescence: measure the position of fluorescent
nano-objects and track their interactions with the sur-
rounding mesomaterial. Photothermal Imaging: measure
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the position of non-fluorescent, absorbing nano-objects
and measure thermal properties of its surrounding meso-
material. Raman: measure the position of resonant nano-
objects and indicate anisotropic properties and tempera-
ture of the surrounding mesomaterial. Importantly, our
microscope not only couples these key optical techniques
but has continuous laser excitation wavelengths ranging
from 275 to 1000 nm and detection capabilities from the
UV-visual to the near-infrared, making our microscope one
of the few available world-wide to probe dynamics at the
nanoscale (Figure 2).

Scientific Approach and Accomplishments

We developed the microscope and investigated the inter-
action between different nanomaterials and other mole-
cules. During the microscope development, we spent a sig-
nificant amount of time trying to understand nanoparticle/
material systems to prepare for our microscope studies.
That way we could develop the experiments necessary to
interpret and properly track the dynamics of the material
formation once the microscope was complete. Our results
showed that we can track the aggregation of nanomaterial
to composites, Figure 1 top right-hand.

Nanoparticles have been known to contribute to the bulk
properties of materials. In most cases, these properties are
beneficial. We used rheology (the study of fluid flows) to
better understand the effect of the nanoparticles. Single-
walled carbon nanotubes act as rigid rods in solution; the
effect of rigid rods on solution viscosity is well understood.
Thus, we developed a model that interprets the viscosity
measurements in terms of a size distribution of nanotubes.
We thus published (AICHE Journal) a technique to measure
the length distribution of nanotubes, or any rigid rods for
that matter, in solution. This model will be important in un-
derstanding the particle dynamics of asymmetric nanopar-
ticles during material formation.

Conversely, nanoparticles are known to be highly sensi-
tive to interaction with their local environment. To better
understand this phenomenon, we focused on two areas of
study. In both cases we used single-walled carbon nano-
tubes as sensitive, fluorescent probes. In order to disperse
nanotubes in aqueous solution, wrappers are used. These
wrappers sit in close proximity to the nanotube and thus
can alter the optical signatures. First, we studied vari-

ous wrappers by encasing the system in a silicon aerogel
thereby removing influences from the water. We found
that wrappings that hold tighter to the nanotube surface,
and thus alter the optical properties in solution, are better
suited for isolating them. This is important when designing
materials for a particular optical signature. We are prepar-
ing these results for publication. Second, we looked at

molecular interactions of energy transfer molecules with
the nanotubes in solution, also focusing on the wrappers
used. For optically active wrappers, we found in some
cases the energy can be transferred from the wrapper to
the nanotube thereby creating nanotube fluorescence for
previously inert nanotubes. We were also able to inject
energy transfer molecules into the wrapped nanotubes to
instigate energy transfer (Figure 3). Further experiments
are still being conducted to understand how distance
affects energy transfer, and an article is being written to
report our findings. Knowledge of distances of electronic
interaction will be important to future material design.

The last project was a collaboration that resulted in two
publications in ACS Nano and NanoResearch. To stay at the
forefront of nanomaterial design it is important to have
nanoparticle additives with controlled properties. Single-
walled carbon nanotubes come in two different electronic
structures, metallic and semi-conducting, and vary in
length and diameter, all of which dictates the fluorescent
properties of the nanotubes. Because the nanotubes are
such a mixed bunch, we cannot build efficient electronic
devices. Our advance was to develop a simple bench top
technique to isolate single-electronic property carbon
nanotubes from all the rest, making them suitable for
device design.

The development of our microscope and our improved un-
derstanding of nanoparticle/ material interactions has put
us in a position to create nanomaterials for the future.

Single Molecule Imaging of Aggregate formation
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Figure 1. The transition from nanocomponents to mesostruc-
tures. The multiple measuring techniques enable us to image,
for the first time, real-time location and mobility of various
components within the meso-material elucidating formation
dynamics, in particular, the transition from nano-structure to
meso-structure. For instance: (top right) we are able to observed
the aggregation dynamics of single-walled carbon nanotubes

in solution indicating that we can monitor the transition from
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building blocks to meso-structures. Finally, (bottom left), we see
the changes in the photoluminescence as the aggregates form. In
some cases, the photoluminescence of tubes decrease, while oth-
ers increase accompanied by a shift in the peak location. These
changes indicate the different interaction among nano-materials
illustrating why the properties of the meso-composites in general
are very different from those of the building-blocks.
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Figure 2. A representation of the diffracted-limited microscope
with the 3 optical techniques (Raman, Fluorescence and absor-
bance). The microscope is capable of imaging emitting and non-
emitting objects such as carbon nanotubes and gold nanopar-
ticles, or any other semiconducting or metallic nanoparticle.
Further more, we can obtain the photoluminescence and Raman
spectra of desired materials. While the images allow us to track
the building blocks and their formation kinetics, the spectra
supply information on how the aggregation affects their intrinsic
optical and electronic properties.
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Figure 3. The energy transfer between carbon nanotubes and
dye molecules. We see an increase in the optical properties of the
tubes after these dyes are in contact with the nanotube surface.
On of our future goals is to be able to develop solid state materi-

al that can potentially be important to understand new emergent
signatures in complex mesocomposites. For these, the separation
of specific electrical nanotubes is highly important.

Impact on National Missions

This research represents a transformative approach to
designing the chemistry, morphology, and functionality of
a material from the bottom-up; these systems are urgently
needed to successfully engineer the next generation of
catalysts, sensors, and super-capacitors where the micro-
structure matches with bulk properties.

The design of “next-generation” mesocomposites support-
ed by this work is crucial to meet LANL's National Security
goals, for example advanced materials of interest to the
DOE and DHS. For instance, our work has advanced our
understanding of potential new materials capable of simul-
taneously sensing multiple agents. Furthermore, we are
designing materials capable of self-healing after exposure
to extreme conditions. More importantly we have devel-
oped a new laboratory capability by building a one-of-the-
kind microscope system to enable new scientific discovery.

The findings of this work has been presented at national
and international conferences as well as internally to
program managers from global security and has resulted in
a white paper on nanotube-based sensors. Moreover, the
microscope developed is currently being used within the
Chemistry Division to study oxygen isotopes and exter-

nal to C-Division to study the homogeneous codispersion
dispersion of materials. Finally, the work provided by Dr.
Nicholas Parra-Vasquez has attracted the attention of MST-
7, an applied materials science group, and he has joined
that group with future conversion to staff a possibility.

Publications

Parra-Vasquez, A. Nicholas G., J. G. Duque, Micah J. Green,
and M. Pasquali. Assessment of length and bundle dis-
tribution of dilute single-walled carbon nanotubes by
viscosity measurements. 2014. Aiche Journal. 60 (4):
1499.

Subbaiyan, Navaneetha K., S. Cambre, N. Parra-Vasquez, E.
Haroz, S. Doorn, and J. G. Duque. Role of surfactants
and salt in aqueous two-phase separation of carbon
nanotubes toward simple chirality isolation. 1619. ACS
nano. 8 (2): 1628.
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Abstract

Magnetic fields couple to the spin and charge of elec-
trons in a metal in a very predictable manner; for most
metals and available magnetic field strengths, this cou-
pling is a small perturbation to the kinetic energy spec-
trum of the electrons, arising from quantization of the
spin component along the field, and the orbital motion
about the field. However, for the lowest carrier density
metals, subjected to the highest experimentally avail-
able magnetic fields, the energy quantization from the
magnetic field can exceed the electrons’ kinetic energy —
the materials quantum limit. Under these circumstances
the interactions between electrons can dominate their
behavior, giving rise to novel states of matter that are
yet to be fully explored.

Background and Research Objectives

Under high magnetic fields, interacting electrons can
exhibit numerous novel effects and states. In a two-di-
mensional electron gas, the non-trivial effect of electron-
electron interactions can stabilize exotic states such the
fractional Quantum Hall effect, recognized by the 1998
Nobel Prize. To date, the fate of a three-dimensional
(3D) gas of electrons beyond its quantum limit — where
all electrons are orbitally quantized into a single Landau
level — is an open subject for experimental exploration.
In low-carrier semi-metals such as bismuth or graphite
(stacks of graphene), the quantum limit (H=9T and 7T
along their highest symmetric axes respectively) is acces-
sible with currently available magnetic fields. In bis-
muth, it is far from clear that non-interacting theory can
explain all features resolved by experiment, including a
resistivity minimum at 40 T and a peak in the Nernst (the
transverse thermoelectric) effect, when the field is along
the trigonal axis. By contrast, the electronic correlations
in graphite are believed to cause it to undergo a high-
magnetic-field-induced density-wave transition. Reveal-
ing the nature of this high field phase was the objective
of this research.

Scientific Approach and Accomplishments
Measurement in the non-destructive 100 T pulsed
magnetic system have allowed systematic exploration of
these unknown phases of 3D electrons far beyond their
guantum limit. At low temperature, magnetoresistance
and magnetic susceptibility measurements on semimetal
graphite and bismuth in pulsed field magnetic fields up
to 92 T were employed to track quantum oscillations

as Landau levels pass through the Fermi level below

the quantum limit and search beyond it for abnormal
phase transitions arising from correlations. Due to the
anisotropy of electron and hole bands, varying the angle
between the applied field and the crystalline axis tunes
the strength of orbital quantization and magnetic length
scales, and hence provides a means to tune the effect of
correlations in high fields.

Tunable excitonic insulator behavior in quantum limit
graphite: We have found that the magnetic field-induced
insulating phase in the quantum limit of graphite ex-
hibits the key features of an excitonic insulator phase,

in which electrons and holes form tightly bound pairs
across a semiconducting band gap. Angle-dependent
magnetoresistance measurements reveal the peak tran-
sition temperature of the field-induced phase to be co-
incident with a critical point at which a Landau band gap
is opened by the applied magnetic field. This excitonic
insulator phase is asymmetric about the gap opening,
consistent with a change from momentum-space pairing
in the low field limit to a strongly coupled real-space
pairing at high fields. We demonstrated that the orien-
tation of the applied magnetic field tunes the effective
electron-hole interaction strength. This provides an
experimental system in which an excitonic condensate
can be continuously tuned from the weak to the strong
coupling limits. Our results show that ultra quantum
graphite is a candidate material in which to explore bro-
ken symmetry states of matter such as a Bose-Einstein
condensed superfluid and spatially ordered electronic
crystal.

202



Impact on National Missions

Science and Technology Excellence: this work, and subse-
guent publications, demonstrates world leading experi-
mental capabilities at LANL for materials characterization
under extreme conditions supporting the Materials for the
Future Science Pillar — specifically, expertise in performing
resistance measurements at extremes of low temperature,
high magnetic field and high rates of change of magnetic
flux is vital to the National High Magnetic Field Labora-
tory User Program. The science of electronic correlations
underlies our ability to understand actinide materials.

Publications

Lin, X., Z. W. Zhu, B. Fauque, and K. Behnia. Fermi Surface
of the Most Dilute Superconductor. 2013. PHYSICAL
REVIEW X. 3 (2): -.

Zhu, Z. W.,, A. Collaudin, B. Fauque, W. Kang, and K. Behnia.
Field-induced polarization of Dirac valleys in bismuth.
2012. NATURE PHYSICS. 8 (1): 89.

Zhu, Z. W.,, B. Fauque, L. Malone, A. B. Antunes, Y. Fuseya,
and K. Behnia. Landau spectrum and twin boundar-
ies of bismuth in the extreme quantum limit. 2012. In
PROCEEDINGS OF THE NATIONAL ACADEMY OF SCI-
ENCES OF THE UNITED STATES OF AMERICA. Vol. 109,
37 Edition, p. 14813.
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Abstract

Our eyes are constantly in motion, even during periods
of fixation. Traditionally, the role of fixational eye move-
ments has been difficult to study due to the small size

of these eye movements and limited technologies to
measure them. With advances in electrophysiological
measurements and high-speed imaging, we have inves-
tigated the role of fixational eye movements. First, we
simulated the smallest of these eye movements, called
ocular tremor, on isolated retinal tissue and measured
electrophysiological responses from retinal ganglion
cells. We found that cells fired synchronously to the
frequency of the stimulus jitter whereas cells randomly
fired to a stationary stimulus. These finding suggest
that ocular tremor may help encode visual informa-

tion through synchronous firing of cells. Second, we
developed the capabilities to measure intrinsic opti-

cal responses from isolated tissue. We simultaneously
measured electrophysiological and optical response
from retinal tissue following brief visual stimuli. Intrinsic
optical responses have similar onset times to electro-
physiological measurements but longer recovery times.
Additionally, intrinsic optical responses preserve the spa-
tial features of the stimulus pattern as well as the spatial
features of the photoreceptors. Third, we measured
fixational eye movements in live salamanders using high-
speed video microscopy as a first step in characterization
of the frequency and amplitude components. These
studies have provided further insight into the role of
ocular tremor in vision processing and leads to a better
understanding of how the brain encodes information.
Better interpretation of neural signals is important for
diagnostics of pathological conditions, improvements of
neural prosthetic deices, and developments of neural-
inspired computation systems.

Background and Research Objectives

Eye movements are fundamental for processing and per-
ceiving visual information about the surrounding world.
Large-scale eye movements, called saccades, facilitate

exploration of the visual environment by successively
positioning the fovea (the region of retina that provides
greatest visual acuity) on areas of interest in the visual
field. During periods of eye “fixation,” microscopic eye
movements—shifts on the order of a photoreceptor
cell-are observed in all vertebrate animals [1]. Due to
complex experimental requirements, the role of these
movements, called ocular tremor, is not well under-
stood. We hypothesize that ocular tremor contributes
to low-level visual processing by generating patterns of
synchronous firing between neighboring retinal neurons,
and that correlated firing encodes unique spatiotempo-
ral visual information, improving signal-to- noise ratios
and visual acuity. | studied neural firing in response to
visual stimulation of isolated retina; ultimately we hope
to characterize the perceptual consequences of eye
movements in human subjects. These experiments are
inspired by LANL computational models that simulate
retinal and neural consequences of ocular tremor. The
work exploits laboratory technologies for high spatial/
temporal resolution measurement of neuronal func-
tion in order to provide further insight into visual signal
encoding and processing.

Specific Aim 1: Simulate ocular tremor in an isolated
amphibian retina by jittering a visual stimulus, while
measuring electrophysiological activity of retinal neural
populations. | used commercial microelectrode arrays,
as well as high-density nano-pillar arrays developed and
fabricated at CINT, for high fidelity neural measurements
of neural ensemble firing patterns. The objective was to
characterize neural firing patterns in response to moving
stimulation patterns, and to confirm the proposed physi-
ological foundation of perceptual enhancement.

Specific Aim 2: Correlate neural spiking activity to in-
trinsic optical responses of isolated retina. Electrophysi-
ological activity alters the optical properties of neurons
and can be used to measure subthreshold activity and
responses of specialized “analog” neurons of retina, as
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well as the spiking activity of the retinal ganglion cells that
constitute the optic nerve. | combined high-speed video
microscopy with high-density electrophysiological mea-
surements to investigate the relationship between neural
firing patterns and optical responses imaged in retina.

Specific Aim 3: Characterize and simulate ocular tremor in
the human eye. | used high-speed optical imaging tech-
niques to characterize optical tremor in a salamander eye,
to assess the potential role of oscillatory encoding role of
visual information.

Scientific Approach and Accomplishments

In order to simulate ocular tremor in isolated retinal tissue,
as outlined in the first specific aim, we coupled a projector
to a microscope and presented a series of visual stimuli
that were either stationary or jittered at a frequency range
on par with ocular tremor frequencies. The visual stimulus
pattern and frequency was varied and while we recorded
electrophysiological responses using microelectrode ar-
rays. We found that retinal ganglion cells synchronized
their firing patterns to the frequency of jitter whereas the
firing patterns appeared random to stationary stimuli (Fig-
ure 1). These results corroborate findings from our com-
putational models that suggest fixational eye movements
may improve visual acuity by synchronizing retinal ganglion
cell firing to help encode visual information [2].

Simultaneously we measured intrinsic optical responses
and electrophysiological responses from isolated retinal
tissue, as outlined in the second specific aim. Using the
stimulus setup from the first specific aim, we stimulated
the retina with a brief flash of light 50 um in diameter.
Intrinsic optical responses were measured as a change in
light intensity divided by the background light intensity
(d1/1) from the photoreceptors from the region where the
stimulus light impinged on the tissue (Figure 2). The edges
of the photoreceptors elicited the largest response with
some edges having positive responses and some edges
having negative measurements. Moreover, some photo-
receptors showed both polarity responses on opposite
edges of the cell. Electrophysiological data were simulta-
neously measured along with the intrinsic optical signals.
The intrinsic optical responses had a fast onset similar to
the electrophysiological measurement, but showed a long
recovery (Figure 3). The optical signals may be due to cel-
lular swelling and the long recovery may indicate a longer
time period for the cell to return to chemi-osmotic equilib-
rium [3,4]. Intrinsic optical responses have a similar time
course to electrophysiological measurements, but also
preserve spatial information of the activated cells, which
provides advantages over traditional electrical measure-
ments. We measured responses from different stimulus

illumination intensities to tease apart the graded response
from the photoreceptors as recorded optically from the
all-or-none response from the retinal ganglion cells as
recorded electrically. These data may provide more insight
into the relationship between intrinsic optical and electro-
physiological responses.

As a first step in specific aim 3, we recorded fixational eye
movements in living salamanders using high-speed video
microscopy. Following approval from IACUC, we restrained
the animals and imaged the eye under a microscope,
fixating on a feature such as a blood vessel and collected
video at high frame rates. Post processing techniques can
be applied to track features in the image and measure eye
movement amplitudes and frequencies. This information
can be used to improve the simulated tremor in isolated
retina to better mimic natural eye movements from the
animal. Furthermore, we can correlate the electrophysi-
ological responses to different jitter frequencies with the
actual eye movement frequencies. We expect that the
largest synchronization of cell firing will occur at jitter fre-
guencies similar to the natural eye movement frequencies
such that the eye movement is tuned to generate the larg-
est synchronous responses from cells and improving visual
information encoding.

We have also explore possible future collaboration with
Ethan Rossi, University of Rochester, which would allow us
to extend these studies to human subjects, using a fundus
camera with adaptive optics to allow us to correct aberra-
tions in the physiological optics of the eye, in order to visu-
alize photoreceptor location and physiological responses.

Impact on National Missions

The objective of the work is to better understand the
mechanism that supports the encoding and processing of
visual information by the retina and cortical visual systems
of the brain. This work will enable better interpretation

of neural signals for diagnostics of pathology, and facili-
tate treatment of retinal degeneration or neural injury via
neural prosthetic devices such as those developed with
DOE support in the Artificial Retina project and by NIH. The
work will also enhance our understanding of neural mech-
anisms of visual cognition, supporting the development of
neural-inspired computation systems for image processing
and interpretation. Such efforts have been supported by
recent and ongoing LDRD projects and are highly relevant
for missions in DOE, DoD, and the intelligence community
that rely on computer vision to process large volumes of
imagery, e.g. from surveillance drones.
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Abstract

The development of new methods for mild and selective
hydrogenations of polar functionalities contained within
cheap and widely available biomass derived compounds
would provide routes to highly desirable building blocks
for the pharmaceutical, polymer and optoelectronic
industries. In particular, the hydrogenation of ureas,
organic carbonates, carbamates and formates is of sig-
nificant global interest since these classes of compounds
can be produced from CO2 and CO.

Background and Research Objectives

In contrast to ketones and aldehydes, carbonyl contain-
ing moieties such as esters, carboxamides, as well as car-
bonic acid derivatives are extremely difficult to hydroge-
nate. Industrially important catalytic reduction of esters
using molecular hydrogen, (the most atom-efficient and
widely available reducing agent), into valuable chemicals
is still carried out under extremely forcing conditions,
typically over a heterogeneous catalyst at 20- 60 atm H2
pressure and 200-300°C. Given the fact that biomass-
based routes are expected to make a significant impact
on the production of bulk chemicals within 10-30 years,
and that a huge fraction of species will be derived from
esters, carboxamides and carbonic acid derivatives mild,
catalytic hydrogenation of these important compounds
will influence the evolution of biofuels production in the
upcoming years. Our aim is to develop new classes of
effective hydrogenation catalysts containing earth abun-
dant metals that can affect such transformations.

Scientific Approach and Accomplishments
A series of novel achiral and chiral ligands have indeed
been prepared as well as a number of their metal com-
plexes, including those of earth several earth abundant
metals. Several of these systems appear to offer possible
advantages over current ones with respect to their sta-
bility towards air and moisture. Due to these properties
we believe that such molecules maybe exhibit greater

ease of use in their hydrogenation chemistries. We have
filed an IDEAS disclosure to determine whether or not
these complexes represent IP that LANL wants to pro-
tect. We will be publishing two or more papers on the
chemistry that we have unearthed, but want to protect
IP (and any potential licensing opportunities) as well.

We believe that a number of the molecules we have pre-
pared are promising candidates for the hydrogenation of
a variety of ketonic substrates.

Impact on National Missions

The industrial homogeneous reduction of esters still
relies mostly on the stoichiometric use of metal hydride
reagents such as LiAlH4 or NaBH4 (where selectivity
cannot be controlled and waste generation results), or
by means of heterogeneous catalysis (high temperatures
and pressures are required and selectivity cannot be
controlled). Success in this chemistry could therefore
have significant positive impact for LANL, vis-a-vis the
application of sustainable approaches to new polymers
and materials synthesis, in energy applications, and

in health related (pharmaceutical) R&D. This is in line
with the DOE’s mission in the energy arena. New, more
effective catalysts can result in less forcing reactions
conditions (lower temperatures and pressures), thus
saving cost in large scale catalytic processes. This kind of
chemistry is of importance to DOE OBES and DOE EERE.

Publications

Dub, P. A., N. J. Henson, R. L. Martin, and J. C. Gor-
don. Unraveling the Mechanism of the Asym-
metric Hydrogenation of Acetophenone by
[RuX2(diphosphine)(1,2-diamine)] Catalysts. 2014.
Journal of the American Chemical Society. 136: 3505.
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Introduction

The uranyl ion, [U02]2+, is the most ubiquitous form of
uranium. The metal-oxygen bonds in this linear molecule
are incredibly strong, making uranyl complexes very
stable. Because uranyl complexes are so stable, they are
resistant to modifications—modifications that could lead
to easier separations, or improved nuclear fuel repro-
cessing, for example. In this context, chemically modify-
ing a uranyl complex by connecting a carbon ligand to

it is a very challenging but important goal. A molecular
uranyl complex containing a metal-carbon bond, also
called an organometallic uranyl complex, would be of
interest because solid-state uranium carbide materials
can be used in the new generation of safer nuclear reac-
tors. We propose to prepare stable organometallic uranyl
complexes using a straightforward method. These well-
defined molecular compounds will be valuable because
they enable a range of experimental and theoretical
studies that are not available using solid-state materials.

Benefit to National Security Missions

The goals of this project are to synthesize and charac-
terize a rare thorium and uranium fluoride complexes.
Within the field of actinide chemistry, this work will have
a considerable impact, not only because examples of
these complexes are so uncommon, but also because
the methods we propose will be adaptable for wide-
spread use by the chemistry community, and across the
actinides. Characterizing and studying the chemistry of
these fluoride compounds could find relevance in the
nonproliferation community.

From the fluoride chemistry we discovered how to
prepare the first molecular thorium bis- and tris-azide
complexes. An azide can be converted into a nitride by
loss of dinitrogen. Actinide nitrides are alternative fuels
for nuclear reactors; therefore, we need a better under-
standing of actinide nitrides for their safe storage, usage,
and waste reprocessing. Organoactinide nitride com-

plexes can be studied to gain such understanding, and
organoactinide azides are an entry to such studies.

Progress
The following discoveries were made:

New routes to uranium fluoride complexes

The complexes prepared are rare examples of well-
defined uranium fluoride complexes. We plan to publish
this work in Chemical Communications.

New C-Br, C-Cl and C-F bond activation chemistry
mediated by a uranium metal center

This type of reaction chemistry is well known for transi-
tion metals but is exceedingly rare for actinide metals.
This is new chemistry for uranium. We plan to publish
this work in the Journal of the American Chemical Soci-
ety.

Prepared the first organometallic thorium bis- and tris-
azide complexes

This work is currently being written up and will yield at
least three high-profile publications (JACS, Chem. Sci,
Nature Chemistry). If these complexes can yield the first
thorium nitride, then this reactivity would qualify for
publication in Science or Nature.

Future Work

The original goal of this project was to prepare stable
uranyl complexes of the type, [LJUO,CI (where L = bulky
ligand). Numerous bulky ligands were explored but all
efforts produced results consistent with unwanted reac-
tion chemistry of the supporting ligand and did not yield
a monomeric uranyl fluoride complex. We therefore
modified the scope of this project.

Planned tasks for this project are as follows:
¢ Finish the exploration of the chemistry of [L]2ThF2
and [L]2UF2 (where L = bulky ligand) complexes
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¢ Finish and publish a manuscript on the new synthetic
method for the high-yielding preparation of thorium
and uranium fluoride complexes. We will file a patent
application for this work.

¢ Finish and publish a manuscripts on: the synthesis of
the first thorium bis(azide) complexes, and the synthe-
sis of the first thorium tris(azide) complexes.

¢ Obtain nitrogen K-edge spectroscopy on these thorium
azide complexes and couple this with a theoretical
study to understand the electronic structure of these
novel compounds.

e Explore the reaction chemistry of these thorium azide
complexes to see if they can yield the first thorium
nitride complex.

¢ File a patent application on the thorium azide work.

Conclusion

The main project goals are (1) to synthesize and character-
ize a rare uranyl fluoride complex and (2) to use this uranyl
fluoride complex to synthesize a uranyl complex containing
a uranium—carbon bond. Within the field of actinide chem-
istry, this work will have a considerable impact, not only
because examples of these complexes are so uncommon,
but also because the methods we propose will be adapt-
able for widespread use by the chemistry community,
beyond uranyl complexes and across the actinides.

Publications

Monreal, M. J., B. L. Scott, and J. L. Kiplinger.
Organometallic thorium azide complexes: using steric
pressure to control structure . Invited presentation at
LANL Postdoctoral Women’s Group Colloquium. (Los
Alamos, February 26, 2014).

Monreal, M. J., B. L. Scott, and J. L. Kiplinger.
Organometallic thorium azide complexes: using steric
pressure to control structure. Invited presentation
at LANL Women'’s History Month Panel and Poster
Session. (Los Alamos, NM, March 31, 2014).

Monreal, M. J., B. L. Scott, and J. L. Kiplinger.
Organometallic thorium azides: metallocene sterics
govern structure . Invited presentation at Laboratory
Directed Research and Development Program Review.
(Los Alamos, NM, ay 14, 2014).

Monreal, M. J., B. L. Scott, and J. L. Kiplinger.
Organometallic thorium azide complexes: steric
pressure controls structure . Presented at LANL
Postdoc Research Day. (Los Alamos, NM, June 11,
2014).

Monreal, M. J., B. L. Scott, and J. L. Kiplinger.
Organometallic thorium azide complexes . Invited
presentation at 27th Rare Earth Research Conference.

(Squaw Valley, CA, 22-26 June 2014 ).

Monreal, M. J., R. J. Wright, J. T. Golden, D. E. Morris, B.
L. Scott, P. P. Power, and J. L. Kiplinger . Thorium(1V)
and uranium(IV) halide complexes supported by bulky
B-diketiminato ligands. 2013. Organometallics (Invited
Article — Special Issue: Recent Advances in Organo-f-
Element Chemistry). 32: 1423.

Monreal, M. J., R. K. Thomson, B. L. Scott, and J. L.
Kiplinger. Enhancing the synthetic efficacy of thorium
tetrachloride bis(1,2-dimethoxyethane) with added
1,2-dimethoxyethane: Preparation of metallocene
thorium dichlorides. 2014. INORGANIC CHEMISTRY
COMMUNICATIONS. 46: 51.

Travia, N. E., M. J. Monreal, B. L. Scott, and J. L. Kiplinger.
Thorium-mediated ring-opening of tetrahydrofuran
and the development of a new thorium starting
material: Preparation and chemistry of Thi4(DME)2.
2012. Dalton Transactions. 41: 14441.

Travia, N. E., M. J. Monreal, B. L. Scott, D. E. Morris , and J.
L. Kiplinger. Developing the next generation thorium
iodide starting materials. Invited presentation at 243rd
American Chemical Society National Meeting. (San
Diego, California, 25-29 March 2012).

Travia, N. E., M. J. Monreal, B. L. Scott, and J. L. Kiplinger.
A new starting material for thorium chemistry:
Thl4(DME)2. Presented at Gordon Research
Conference on Inorganic Chemistry. (University of New
England, Biddeford, Maine, 17-22 June 2012).
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Introduction

The proposed work will utilize an innovative research
strategy that is LANL-unique for novel antibiotics. We
will combine neutron and X-ray diffraction to obtain high
resolution structures and detailed information on how
metallo beta-lactamases (MBLs) work to degrade clini-
cally used antibiotics. Due to their readiness for horizon-
tal transfer and evolution, MBLs entail a serious public
health threat, with increasing antibiotic resistance found
all over the world. Results will have direct implications
for not only understanding how these enzymes work,
but also to enable the design of clinically useful antibi-
otics not susceptible to breakdown by these harmful
enzymes.

Benefit to National Security Missions
Metallo betal lactamases comprise a serious human
health issue due to the innumerable complications as-
sociated with untreatable infections caused by some of
the most dangerous bacteria present in clinical settings
and intensive care units. This work, which can only be
performed at LANLs world-class facilities, will provide
the first neutron structures for antibiotic resistance
enzymes found in multidrug resistant pathogens. This
work will advance our basic understanding of enzyme
mechanisms and drug binding. Neutron diffraction is
underutilized for drug design and is the only technique
that can give unique data on drug binding and degrada-
tion. This work may lead to novel compounds that will
have an enormous impact on human health and disease.
We also envision a scenario where detection methods
can be developed to find bacteria expressing resistance
genes in the environment. This work directly addresses
mission relevance in the fields of basic health research,
bioscience, and pathogen detection.

Progress
The project comprises three main objectives centered on
structure-function relationships of metallo-B-lactamases

(MBLs): (1) Mechanism of water activation, (2) Mecha-
nism of substrate binding, and (3) Inhibition. The third
objective has been re-scoped to reduce safety and secu-
rity risks. It replaces originally proposed enzyme evolu-
tion objective.The progress is detailed below.

Mechanism of water activation

Two MBLs are currently being studied: NDM-1 from K.
pneumoniae and Bcll from B. cereus. Both wild-type
enzymes are being expressed under BSL-2 conditions
under IBC-127-2013. This objective will be achieved
through solving neutron structures, for which mme-size
crystals are needed, which requires large amounts of
pure protein. The wild-type NDM-1 enzyme proved to be
difficult to express in E. coli BL21(DE3) in a native form
due to proteolysis. After several unsuccessful attempts
to determine conditions in which NDM-1 would express
in a native form (adjusting induction growth tempera-
ture and length, use of IPTG or autoinducing media, use
of protease inhibitor cocktails) we decided to focus first
on the other MBL, Bcll (which expresses very well), in
order to pursue the neutron structure.

It was determined that Bcll does not grow mm-size crys-
tals using the vapor-diffusion method in 9-well plates
and 0.5-1 ml drops. Instead, large Bcll crystals grow us-
ing dialysis method, using commercially available dialysis
buttons with 3,000-Da cutoff membrane. Bcll crystals
are prone to degradation through oxidation of residue
Cys221 upon long incubation times (weeks to months).
Since neutron beamtime is scarce, Bcll crystals will need
to be freshly grown close to the data collection time. |
plan to grow mme-size Bcll crystals for the upcoming neu-
tron beam cycle starting in October 2014, for which the
corresponding beamtime request application has been
submitted and is pending approval.

Mechanism of substrate binding
For the reasons outlined above, this research is also
focused on Bcll. Two double mutants were designed,
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cloned, purified, crystallized, and their structures were
solved through x-ray crystallography, namely, Bcll-DDE
(Cys221Asp, His263Glu) and Bcll-DDQ (Cys221Asp, His-
263Gln). As expected, both display an empty second-zinc
site and no B-lactamase activity. The next step is to co-
crystallize these mutants with different metals and intact
B-lactam antibiotics. Crystals have already been grown in
the presence of ampicillin and different concentrations

of Zn2+ (as a negative control), Ca2+, Mg2+, Sr2+, Ba2+,
Fe3+, Co2+, Mn2+, Ni2+, Cu2+, Al3+, and Sm3+, in order to
screen conditions in which these metals would enable sub-
strate binding but no catalysis. These crystals will be flash-
frozen and shipped to the Stanford Synchrotron Radiation
Lightsource (SSRL) for x-ray data collection, for which |
have been awarded beamtime on July 8-9th, proposal SSRL
4B25A.

Inhibition of MBLs

This part of the project is focused on two families of po-
tential inhibitors: sulfonamides and bisthiazolidines. The
sulfinamides 3-[(2-oxo-1,3-oxazolidin-3-yl)carbonyl]-2-pyr-
idinesulfonamide (OCPS), 6-methoxy-3-nitro-2-pyridine-
sulfonamide (MNPS) and 3-(4-methyl-5-oxo-4,5-dihydro-
1,3,4-oxadiazol-2-yl)-2-pyridinesulfonamide (DOPS) are
commercially available and were selected based on their
central 2-pyridine sulfonamide moiety. These compounds
have the potential to bind to the second-zinc of MBLs
thereby inhibiting the enzyme competitively (through
preventing substrate binding) or uncompetitively (through
removing the second-site zinc). As a proof-of-concept, the
structure of Bcll complexed with 2-pyridine sulfonamide
was solved at pH 6, showing the expected binding mode,
i.e. bidentate binding to the second-zinc site through nitro-
gen atoms present in the probably deprotonated sulfon-
amide —NH2 and the pyrimidine. Crystallization trials are in
progress for Bcll complexed with compounds OCPS, MNPS
and DOPS. These crystals will also be shipped and data col-
lected in the upcoming trip to SSRL.

The second group of compounds, bisthiazolidines (BTZs),
are bicyclic heterocyclic compounds with two fused thia-
zolidine rings, thereby emulating penicillins. These com-
pounds were obtained through a collaborative work with
researchers from Uruguay and Argentina, who synthesized
and isolated them. | have solved the x-ray structures of Bcll
complexed with three of them (CS$319, GM256 and VC26),
and measured their inhibition constants in vitro, which
resulted to be in the micromolar range. These structures
have shed light on possible modifications leading to im-
proved inhibiting properties in these compounds, particu-
larly VC26, which are being introduced by our collaborators
in Uruguay.

Most of the inhibition results were presented as a poster in
this year’s LANL Postdoc Research Day, and as an oral pre-
sentation in the 2014 American Crystallographic Associa-
tion Annual meeting.

Future Work

In FY13 the project has been re-scoped to reduce security
and safety risks. Instead of enzyme evolution for monobac-
tam resistance, the final part of the project now focuses on
characterizing interactions of Bcll enzyme with potential
inhibitors on a path to rational inhibitor deign. The re-
scoped project has obtained IBC approval (IBC-127-2013).

In the remaining few months of the project, the following
task will be accomplished:

Crystals of two double mutants of Bcll metallo-B-lactamase
have already been grown in the presence of ampicillin

and different concentrations of Zn2+ (as a negative con-
trol), Ca2+, Mg2+, Sr2+, Ba2+, Fe3+, Co2+, Mn2+, Ni2+,
Cu2+, Al3+, and Sm3+, in order to screen conditions in
which these metals would enable substrate binding but no
catalysis. These crystals will be flash-frozen and shipped to
the Stanford Synchrotron Radiation Lightsource (SSRL) for
x-ray data collection. Subsequently, the structures of the
enzyme in the presence of various metals and ampicillin
will be solved to shed light on the structure of enzyme-
substrate complex.

As a proof-of-concept, the structure of Bcll complexed with
2-pyridine sulfonamide was solved at pH 6, showing the
expected binding mode, i.e. bidentate binding to the sec-
ond-zinc site through nitrogen atoms present in the prob-
ably deprotonated sulfonamide —NH2 and the pyrimidine.
Crystallization trials are in progress for Bcll complexed with
three additional sulfonamides containing 2-pyridine sul-
fonamide core with different modifying groups. Structures
for these crystals will also be solvedsolved. Bcll metallo-B-
lactamase inhibition by the three additional sulfonamides
will also be characterized in vitro.

As a final task, large crystals of Bcll enzyme will be grown
and neutron diffraction data will be collected at Lujan Cen-
ter in the upcoming beam cycle starting in October. Neu-
tron structure of the enzyme will be solved revealing water
molecules and their possible role in binding and catalysis.

Conclusion

We will characterize the enzymes NDM-1 and Bcll: (1)
Water activation, (2) Substrate binding, (3)Inhibition (1) we
will solve the structure of NDM-1 through neutron crystal-
lography, which will shed light on the H-bond networks in
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the active site. (2) we will engineer NDM-1 to enable bind-
ing alkali earth metals in the second Zn(ll) site. This will
eliminate enzyme activity while retaining substrate binding
for structural analysis. (3) We will investigate structures of
Bcll enzyme with potential inhibitors bound to get informa-
tion needed for rational inhibitor design.

Publications

Gonzalez, J. M., M. M. Gonzalez, M. Kosmopoulou, C.
Saiz, V. Castillo, G. Mahler, R. Bonomo, J. Spencer,
and A. J. Vila. Inhibition of Metallo-B-Lactamases
by Bisthiazolidines. . Presented at 2014 American
Crystallographic Association Annual Meeting.
(Albuquerque, 24-28 May 2014).

John, F. J. St, D. Dietrich, C. Crooks, E. Pozharski, J. M .
Gonzalez, E. Bales, K. Smith, and J. C. Hurlbert. A Novel
Member of Glycoside Hydrolase Family 30 Subfamily
8 with Altered Substrate Specificity. To appear in Acta
Crystallographica Section D.

Marti-Arbona, R., J. M. Gonzalez, and C. J. Unkefer. Crystal
Structure of Phosphoenolpyruvate Carboxylase from
Methylobacterium extorquens. Presented at 2014
American Crystallographic Association Annual Meeting.
(Albuquerque, 24-28 May 2014).

Turra, G., C. Faugel, J. M. Gonzalez, D. Presello, C. Andreo,
and V. Campos-Bermudez. La glioxalasa | de maiz
regula niveles de metilglioxal, una molécula sefial de
estrés en Fusarium verticilloides?. Presented at XXX
Argentine Meeting of Plant Physiology. (Mar del Plata,
Argentina, 21-24 September 2014).

Unkefer, C. J., J. Chen, S. Z. Fisher, J. M. Gonzalez, J. P.
Bacik, and M. J. Waltman. Time-of-flight Laue Neutron
Crystallography at the Protein Crystallography Station
(PCS) at LANSCE. . Presented at 2014 American
Crystallographic Association Annual Meeting.
(Albuquerque, 24-28 May 2014).
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Introduction

This project aims to develop functional biomolecules
with emergent (mechanical, optical, and electronic)
properties that are not accessible through conventional
synthetic methods. The approach uses molecules that
are known to form polymers compatible with biologi-
cal systems with side chains that are active to which
functional groups can be attached. Depending on the
distribution and density of these functional groups on
the side chains, a wide spectrum of mechanical and
optical properties, and electronic structures can be ac-
cessed. Our goal is to exploit the emergent properties,
and through the analysis of structure-property relation-
ships, obtain valuable insight regarding the design of
biopolymers with enhanced functionality that can be
used toward sensing, bioimaging, drug delivery, optical,
electronic and energy applications. Such an approach
has not yet been studied in a systematic manner mainly
because multidisciplinary knowledge ranging from or-
ganic synthesis to materials chemistry to biochemistry is
needed.

The challenge is to develop synthetic chemistry routes
that are facile and effective. Further, we must control
the distribution of functional groups on the side chains
in order to render desired properties. Dr. Pradeep
Cheruku is a researcher who has the unique combina-
tion of skills and knowledge to execute the project and
offers the best opportunity for success.

Benefit to National Security Missions

We expect that these new classes of biopolymers may
exhibit high temperature thermal transitions and strong
mechanical properties due to the high degree of hydro-
gen bonding and rigid carbocyclic backbone. We hope to
show the correlation between nanoassembly structures
and their associated properties to obtain valuable in-
sights on the interplay between structure, dynamics and
functions of the materials. We also expect to develop

novel strategies for the design and synthesis of nanoas-
semblies with adaptive control to enable the materials
with immense technological relevance in areas of optics,
electronics, photovoltaic, and biomedical devices that
impact our missions in energy security and threat reduc-
tion.

Progress

Synthesis and characterization of nonnatural
fluorescent amino acid and their applications toward
bioimaging

We have synthesized a series of fluorescent unnatural
amino acids (UAAs) bearing stilbene and meta-phenyl-
enevinylene (m-PPV) backbone and their optical proper-
ties were studied using a suite of spectroscopy probes.
These novel amino acids were derived from protected
diiodo-L-tyrosine using palladium-catalyzed heck cou-
plings with a series of styrene analog. Unlike the other
fluorescent UAAs, whose emissions are restricted to a
narrow range of wavelengths, these new amino acids
display the emission peaks at broad range wavelengths
(from 400-800 nm); including NIR with QY of 4% in
HEEPS buffer. The incorporation of both pyridine and
phenol functional groups lead to distinct red, green,

and blue (RGB) emission, in its basic, acidic and neutral
states, respectively. More importantly, these amino
acids showed reversible pH and redox response showing
their promise as stimuli responsive fluorescent probes.
To further demonstrate the utility of these UAAs in
peptide synthesis, one of the amino acids in this series
was incorporated into a cell penetrating peptide (CPP)
sequence through standard solid phase peptide synthe-
sis. The general use of these UAAs for cell imaging has
been demonstrated by applying CPP to two different cell
lines using confocal fluorescence microscopy.

Water-soluble biopolymer for bioimaging

Water-soluble cationic conjugated polymers (WSCPs)
show stronger affinity toward the negatively charged
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cell membranes, staining cell surface using WSCPs is a
relatively unexplored area due to the endocytosis problem.
However, the ability to functionalize these polymers with
specific recognition ligands enables selective detection
among the various cell lines and different organelles. To
date, only one report has appeared in literature disclosing
the ability of WSCPs to be stable cell staining agents. Water
soluble polythiophene polymer conjugated with lapatinib,
an anticancer tyrosine kinase inhibitor, can be used to
induce the polymer interaction with transmembrane pro-
teins and thus achieve the stable cell membrane staining.

Cell membrane staining using WSCPs without any targeting
ligands for bio recognition is not known. We have shown
very exciting results using cationic poly(p- phenylene
vinylene) (PPV), a WSCP for cell imaging. P2 as bioimaging
polymer exhibits stability allowing long-term cell tracking,
distinguishing live and dead cells, and multi- functional cell
staining. Overall, our results show that using WSCP is far
superior than state-of-the-art staining commercial dyes as
WSCP has a much faster staining time at a much lower cost
(100 times cheaper than existing commercial dye), while
providing more details and imaging resolution as opposed
to the commercial dyes. Such unprecedented properties
suggest that certain WSCPs may serve as next generation
imaging dyes for biomedical research.

Future Work

During the next fiscal year, we will perform synthesis and
characterization of a series of unnatural amino acids (UAA)
consisting of conjugated oligomers which can be incorpo-
rated into the biopolymers (peptides). These novel amino
acids will be derived from protected diiodo-L-tyrosine
using palladium-catalyzed heck couplings with a structure
similar to the styrene analog. Unlike the other fluorescent
UAAs, whose emissions are restricted to a narrow range of
wavelengths, our UAAs are expected to display the emis-
sion peaks at broad range wavelengths (from 400-800 nm);
including NIR.

Conclusion

We expect synthesis of a new class of biopolymers with
thermal transitions and strong mechanical properties due
to the high degree of hydrogen bonding and rigid carbocy-
clic backbone. We hope to show the correlation between
nanoassembly structures and their associated proper-
ties to obtain valuable insights on the interplay between
structure, dynamics and functions of the materials. We
also expect to develop novel strategies for the design and
synthesis of nanoassemblies with adaptive control to en-
able materials with immense technological relevance in
areas of optics, electronics, photovoltaic, and biomedical

devices that impact our missions in energy security and
threat reduction.

Publications

Cheruku, P, J. H. Huang, H. J. Yen, R. S. lyer,, Kirk D.
Rector, J. S. Martinez, and H. L. Wang. Tyrosine-derived
stimuli responsive, fluorescent amino acids . 2015.
CHEMICAL SCIENCE. 6: 1150.

Park, Y. I., O. Postupna, A. Zhugayevych, H. Shin, Y. -S. Park,
B. Kim, H. -J. Yen, P. Cheruku, J.S. Martinez, J. W.
Park, S. Tretiak , and H. -L. Wang. A new pH sensitive
fluorescent and white light emissive material through
controlled intermolecular charge transfer. 2014.
CHEMICAL SCIENCE. : DOI: 10.1039/C4SC01911C.

214



Complex Natural & Engineered Systems

Postdoctoral Research and Development
Continuing Project

Single Cell Genomics for Better Control of Plant Pathogens

Shunsheng Han
20130779PRD1

Introduction

The proposed research will use the rhizosphere-coloniz-
ing bacterium Pseudomonas chlororaphis strain 30-84.
The strain is able to inhibit fungal pathogens and has
become a model for a beneficial commensal bacterium.
This strain demonstrates phenotypic variation resulting
from spontaneous mutations. The goal of this research is
to identify signature genomic and transcriptomic chang-
es in response to environmental signals and investigate
how these changes benefit the wild type populations
using a plant associated bacterial as example.

Benefit to National Security Missions

The understanding of the relationship between plant
and bacteria is directly linked to the DOE mission in the
area of bioenergy. LANL, supported by DOE, has invested
significantly in studying plant metabolism and algal
biofuel. This work will enrich our portfolio in these areas
and bridge the gaps between environmental microbiol-
ogy and plant study.

Progress

The project seeks to understand microbial evolution at
both genomic and transcriptomic levels. Specifically, we
performed genome and RNA sequencing analysis of the
biological strain Pseudomonas chlororaphis 30-84 and a
spontaneous small colony (SCV) mutant derivative. Phe-
notypically, the SCV exhibited small cell size, decreased
antibiotic production, reduced motility, but increased
biofilm formation. Whole-genome sequence analysis
(done in the Bioscience Division at LANL) identified the
deletion of a 70 Kb genomic island and mutations in
yfiR (cyclic-di-GMP production), cyoE (heme synthesis)
as well as fusA (elongation factor) in the SCV mutant.
Further genetic analysis (done at Texas A&M University,
in collaboration with my previous advisors) revealed that
the yfiR locus plays a major role in controlling colony
size, growth, motility and biofilm formation. Moreover,
point mutation in the fusA gene partially contributed to

kanamycin resistance. Transcriptomic profiling indicated
that 1,098 genes (18.4%) have undergone substantial re-
programing of gene expression in the SCV mutant. These
data have been summarized in a manuscript entitled
“Adaptation genomics of a small colony variant (SCV) in
the biofilm of Pseudomonas chlororaphis 30-84” which
was submitted to the Journal Applied Environmental
Microbiology, the #1 cited journal in microbiology.

| also sequenced two wheat-seed associated bacteria
(done at LANL). The strains Pseudomonas putida S610
and Enterobacter cloacae S611 are strong colonizers of
wheat rhizosphere and have potential in biological con-
trol applications. The genome sequences for both strains
were available at National Center for Biotechnology In-
formation (NCBI). The genome of P. putida S610 was also
announced by the journal Genome Announcement.

| recently established international collaborations with
researchers at Jilin University, China. The collaboration
resulted in a publication on a stress-inducible maize pro-
moter by the journal Plant Molecular Biology Reporter.
We also plan to sequence 3 highly effective pesticide
degrading bacteria.

On going projects

The SCV mutant can phenotypically switch back to the
wild type morphology under specific conditions. The
revertant strains showed similar growing characteristic,
motility and biofilm formation to the wild type strain.
We are currently characterizing the revertant strain
using genomic and genetics approaches. To our best
knowledge, this is the first genome-wide analysis of

a bacterial phenotypic switching event. Our data will
significantly enhance our understanding of bacterial
adaptations to stress conditions in nature.

We are working on a USDA permit to receive biological
control strains from lJilin University. Genome sequences
of these pesticide degrading bacteria will laid a solid
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foundation to further explore the pesticide degrading
mechanisms.

Future Work

We are currently characterizing the revertant strain using
genomic and genetics approaches. The spontaneous small
colony (SCV) mutant can phenotypically switch back to the
wild type morphology under specific conditions. The rever-
tant strains showed similar growing characteristic, motility
and biofilm formation to the wild type strain. To the best
of our knowledge, this is the first genome-wide analysis of
a bacterial phenotypic switching event. Our data will sig-
nificantly enhance our understanding of bacterial adapta-
tions to stress conditions in nature.

We are working on a USDA permit to receive biological
control strains from Jilin University. Genome sequences of
these pesticide degrading bacteria will lay a solid founda-
tion to further explore the pesticide degrading mecha-
nisms.

Conclusion

We expect to identify mutational events during P. chloro-
raphis colonization, to classify and identify the beneficial
mutation that are involved in host association. We will also
identify the role of these genomic changes in bacterial per-
sistence. Understanding of molecular processes involved in
bacterial adaptation could lead to better disease manage-
ment strategies.

Publications

Sun, G., J. Liu, G. Li, X. Zhang, J. Chen, T. Chen, H. Zhang, D.
Wang, F. Sun, and H. Pan. Quick and accurate detection
and guantification of Magnaporthe oryzae in rice using
Real-Time Quantitative Polymerase Chain Reaction. To
appear in Plant Disease.

Tao, Y., F. Wang, D. Jia, J. Li, Y. Zhang, C. Jia, D. Wang, and H.
Pan. Cloning and functional analysis of the promoter of
a stress-inducible gene (ZmRX01) in maize. 2014. Plant
Molecular Biology Reporter. : 1.

Wang, D., J. M. Yu, R. J. Dorosky, L. S. Ill Peirson, and E.
A. Pierson. The Phenazine 2-hydroxy-phenazine-1-
carboxylic acid promotes extracellular DNA release
and has broad transcriptomic consequences in
Pseudomonas chlororaphis 30-84. Molecular Plant-
Microbe Interactions.

Wang, D., R. J. Dorosky, C. Han, C. H. Lo, A. Dichosa, P.
Chain, J. M. Yu, L. S. lll Pierson, and E. A. Pierson.
Genomic adaptations of a small colony variant in the
biofilm of Pseudomonas chlororaphis 30-84. To appear
in Applied Environmental Microbiology.
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Introduction

The Isotope Production Facility (IPF) at Los Alamos
National Laboratory (LANL) produces the radioactive
isotopes strontium-82 and germanium-68 for use in
medical imaging. The IPF’s high proton beam current and
lengthy irradiations produce a secondary neutron field
with a utilitarian scale that is beyond the reach of medi-
cal cyclotrons and energetically distinct from reactor
neutron fluences. There are currently no large facilities
in the United States with access to such a significant,
high-energy neutron flux, yet IPF secondary neutrons’
potential for research in novel methods of isotope
production and materials science remains unexploited.
These radioisotopes are necessary to a variety of scien-
tific and medical fields, and in many cases the stability
of future uninterrupted supply is uncertain. Additionally,
LANL's globally recognized expertise in the characteriza-
tion and handling of radioisotopically and chemically
diverse products of fast neutron irradiations is uniquely
capable of facilitating such an exploration.

Current two week irradiations produce several tera-neu-
trons per second, approaching the scale of medium-sized
research reactors. The Monte Carlo N-Particle eXtended
(MCNPX) code, developed at LANL, has been used to
simulate the secondary neutron field and optimize the
design of research targets that can confirm predictions
about the size and charter of this neutron flux. Using
these simulations, special activation foils have been
introduced into the neutron field and the radioisotope
products of neutron-initiated reactions. Once computa-
tional predictions have been confirmed by experiment,
MCNPX codes will be further used to design future
experiments in materials science development and to
produce radioisotopes in the service of the larger scien-
tific community.

Delivery of these and other isotopes whose study is pro-
posed makes possible targeted radiotherapy for cancer
patients, experiments in solid-state physics, diagnosis

of a wide range of pathologies, and the development of
improved materials for civil and scientific purposes.

Benefit to National Security Missions

A comprehensive understanding of the secondary neu-
tron flux at the Isotope Production Facility will expand
the capabilities of the Isotope Program to study and
produce a broader suite of isotopes for medical, national
security, and basic science applications. Studies will also
improve nuclear models and provide an avenue for study
of materials under extreme environments.

Progress

Worked with Mike James (NEN-5), Stepan Mashnik (XCP-
3), and others to investigate accuracy of evaluated data
libraries and MCNP-implemented physics models, which
are applied to the problem of computational predictions
of isotope production using the IPF secondary neutron
flux. Developed a computational toolkit for prediction

of secondary neutron flux effects with respect to iso-
tope production in various materials. Publication: Engle
JW, James M R, Mashnik S G, Kelsey C T IV, Wolfsberg

L E, Reass D A, Connors M A, Bach H T, Fassbender M

E, John K D, Birnbaum E R, Nortier F M (2014). MCNPX
characterization of the secondary neutron flux at the Los
Alamos Isotope Production Facility. Nuclear Instruments
and Methods in Physics Research, Section A. Accepted
March 21, 2014.

Tailored the predictions of these models to experimen-
tal measurements of activation experiments using test
foils and quantification of radioisotopes produced in the
foils by neutron-initiated reactions, and applied these
results to experimental measurement of the produc-
tion potential for scandium-47 using enriched titanium
(Ti) and vanadium (V) targets. Ti and V were irradiated
at IPF and gamma spectroscopy was used to quantify
radioactive products and impurities. Supervised a mas-
ter’s student to conduct experiments and data analysis.
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Student presented work at the annual Society for Nuclear
Medicine and Molecular Imaging meeting in St. Louis, MO:
DelLorme, K A, Engle J W, Nortier F M, Birnbaum E R, John K
D, Jackman K R, Marus L A, Kowash B R, McHale S, Clin-
ton J C (2014). Production potential of scandium-47 using
spallation neutrons at the Los Alamos Isotope Production
Facility. Society for Nuclear Medicine and Molecular Imag-
ing Annual Meeting, St. Louis, Missouri, June 8-12.

Finalized analysis of 40 — 200 MeV p + Tb residual cross
sections to evaluate the potential for Gd-153 production at
IPF. Publication pending completion of the compilation of
the data.

Supervised student to characterize the proton beam en-
ergy and experimental proton flux measurement assisted
by MCNPX predictions in routine high proton intensity
irradiations for isotope production and in low-intensity
irradiations for nuclear physics measurements. Manuscript
in preparation. Work presented at the annual CoDA meet-
ing in Santa Fe, NM: Marus L A, Maassen J R, Fassbender
M E, Birnbaum E R, John K D, Engle J W, Nortier F M. Non-
destructive proton beam monitoring (2014). Conference
on Data Analysis, Santa Fe, New Mexico, March 5 —7.

Continued to support efforts to produce Ho-163 for neutri-
no mass measurements (LANL LDRD-funded ER) via proton
irradiation at the University of Wisconsin and the Los Ala-
mos Isotope Production Facility. Abstracts resulting from
this effort: Kunde, G J, Engle J W, Nortier F M, Birnbaum E
R, Taylor W A, Mocko V, Croce M P, Hoover A S, Rabin M

W. Transition edge sensor electron capture spectroscopy
(2014). Symposium on Radiation Measurements and Ap-
plications (SORMA XV), June 9 — 12, Ann Arbor, Michigan,
USA. Mocko V, Taylor W A, Nortier F M, Engle J W, Barnhart
T E, Nickles R J, Rabin M W, Birnbaum E R (2014). Isolation
of Ho-163 from Dy target material by HPLC for neutrino
mass measurements. 17th Radiochemical Conference Book
of Abstracts, Prague, the Czech Republic, May 11-16, SEP-
V18 (Id: 141) p298.

Future Work

Utilize the developed toolkit for prediction of the effects
of the secondary neutron flux to initiate use of the flux for
isotope production, in particular Si-32 and other isotopes
of current interest like Sr-90. Investigate the applicability
of the secondary neutron flux to other large-scale interna-
tional facilities with respect to the production of useful ra-
dioisotopes, in particular spallation neutron sources (e.g.,
ESS) and conversion target neutron sources (e.g., JPARC).
Continue investigation of IPF’s potential for contribution to
fusion energy research program through testing of tritium
breeding, chemical separation and migration through test

materials. If funding for students and/or research activities
can be obtained, supervise expansion of aims to include
the collection of nuclear excitation functions for fast-neu-
tron intiated reactions. In particular, investigate the activa-
tion of samples of Ra-226 in the IPF secondary neutron
flux for the simultaneous co-production of several actinide
isotopes of interest to medical radiotherapy (e.g., Ac-225,
Th-227 and Ac-227).

Continue spectroscopic analysis of 40 - 800 MeV p + Tm,
Cu, Virradiation foils to calculate nuclear formation cross
sections. Apply these cross sections to the evaluation of
spallation-regime isotope production schemes.

Publish results pending publication of student work charac-
terizing proton beam energy and flux determination during
cross section measurements at LANL.

Complete publication of 40 — 800 MeV p + Th target residu-
al cross sections.

Continue contributions in Rb metal targetry, production of
Ho-163 for neutrino mass measurement, and supervision
of students interested in radioisotope production using
the IPF. Work towards identification and development of
collaborative research efforts in the biological application
of radioisotopes to the treatment of human disease within
and without LANL.

Conclusion

The goal of this project is to elucidate a more complete
understanding of the secondary neutron flux at the Iso-
tope Production Facility. These experiments will define
production methodologies that will supply radioisotopes
on the cutting edge of research in several fields. Produc-
tion of isotopes including scandium-47, actinium-225,
and radium-225 for medical radioimmunotherapy will be
investigated. The neutron flux can also be used to study
the effects of high radiation environments and thus fuel
development of materials and devices that can withstand
the extreme conditions in space or power production de-
vices such as fusion reactors.

Publications

Delorme, K. A., J. W. Engle, F. M. Nortier, E. R. Birnbaum,
and B. R. Kowash. Production potential of Sc-47
using spallation neutrons at the Los Alamos Isotope
Production Facility. Presented at Society of Nuclear
Medicine and Molecular Imaging. (St. Louis, MO, 7-11
Aug. 2014).

Engle, J. W., C. T. Kelsey, Bach, B. D. Ballard, M. E.
Fassbender, K. D. John, E. R. Birnbaum, and F.
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M. Nortier. Preliminary Investigation of Parasitic
Radioisotope Production Using the LANL IPF Secondary
Neutron Flux. 2012. 14TH INTERNATIONAL WORKSHOP
ON TARGETRY AND TARGET CHEMISTRY. 1509: 171.

Engle, J. W., C. T. Kelsey, H. Bach, B. D. Ballard, M. E.
Fassbender, K. D. John, E. R. Birnbaum, and F.
M. Nortier. Preliminary investigation of parasitic
radioisotope production using the LANL IPF secondary
neutron flux. 2012. In 14th International Workshop on
Targetry and Target Chemistry. (Cancun, Mexico, 26-29
Aug. 2012). Vol. 1, 1 Edition, p. 1. New York: American
Institute of Physics.

Engle, J. W., E. R. Birnbaum, F. M. Nortier, J. A. Rau, K. D.
John, and H. R. Trellue. Purification of (PU)-P-242 by
irradiation with thermal neutrons. 2013. NUCLEAR
INSTRUMENTS & METHODS IN PHYSICS RESEARCH
SECTION B-BEAM INTERACTIONS WITH MATERIALS
AND ATOMS. 298: 70.

Engle, J. W., E. R. Birnbaum, F. M. Nortier, J. A. Rau, K. D.
John, and H. R. Trellue. Purification of (PU)-P-242 by
irradiation with thermal neutrons. 2013. NUCLEAR
INSTRUMENTS & METHODS IN PHYSICS RESEARCH
SECTION B-BEAM INTERACTIONS WITH MATERIALS
AND ATOMS. 298: 70.

Engle, J. W,, E. R. Birnbaum, H. R. Trellue, K. D. John, M.
W. Rabin, and F. M. Nortier. Evaluation of Ho-163
production options for neutrino mass measurements
with microcalorimeter detectors. 2013. NUCLEAR
INSTRUMENTS & METHODS IN PHYSICS RESEARCH
SECTION B-BEAM INTERACTIONS WITH MATERIALS
AND ATOMS. 311: 131.

Engle, J. W., E. R. Birnbaum, H. R. Trellue, K. D. John, M.
W. Rabin, and F. M. Nortier. Evaluation of Ho-163
production options for neutrino mass measurements
with microcalorimeter detectors. 2013. NUCLEAR
INSTRUMENTS & METHODS IN PHYSICS RESEARCH
SECTION B-BEAM INTERACTIONS WITH MATERIALS
AND ATOMS. 311:131.

Engle, J. W., J. W. Weidner, B. D. Ballard, M. E. Fassbender,
L. A. Hudston, K. R. Jackman, D. E. Dry, L. E. Wolfsberg,
L. J. Bitteker, J. L. Ullmann, M. S. Gulley, Pillai, Goff, E. R.
Birnbaum, K. D. John, S. G. Mashnik, and F. M. Nortier.
Ac, La, and Ce radioimpurities in Ac-225 produced
in 40-200 MeV proton irradiations of thorium. 2014.
RADIOCHIMICA ACTA. 102 (7): 569.

Engle, J. W., M. R. James, S. G. Mashnik, C. T. Kelsey, L. E.
Wolfsberg, D. A. Reass, M. A. Connors, H. T. Bach, M.
E. Fassbender, K. D. John, E. R. Birnbaum, and F. M.
Nortier. MCNPX characterization of the secondary
neutron flux at the Los Alamos Isotope Production
Facility. 2014. NUCLEAR INSTRUMENTS & METHODS
IN PHYSICS RESEARCH SECTION A-ACCELERATORS

SPECTROMETERS DETECTORS AND ASSOCIATED
EQUIPMENT. 754: 71.

Engle, J. W., S. G. Mashnik, Bach, Couture, Jackman, Gritzo,
B. D. Ballard, Fassbender, D. M. Smith, L. J. Bitteker, J. L.
Ullmann, M. S. Gulley, Pillai, K. D. John, E. R. Birnbaum,
and F. M. Nortier. Cross sections from 800 MeV proton
irradiation of terbium. 2012. NUCLEAR PHYSICS A. 893:
87.

Engle, J. W., S. G. Mashnik, J. W. Weidner, L. E. Wolfsberg,
M. E. Fassbender, Jackman, Couture, L. J. Bitteker, J. L.
Ullmann, M. S. Gulley, Pillai, K. D. John, E. R. Birnbaum,
and F. M. Nortier. Cross sections from proton
irradiation of thorium at 800 MeV. 2013. PHYSICAL
REVIEW C. 88 (1).

Engle, J. W,, S. G. Mashnik, J. W. Weidner, L. E. Wolfsberg,
M. E. Fassbender, K. Jackman, A. Couture, L. J. Bitteker,
J. L. Ullmann, M. S. Gulley, C. Pillai, K. D. John, E. R.
Birnbaum, and F. M. Nortier. Cross sections from
proton irradiation of thorium at 800 MeV. 2013.
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Introduction

The goal of this research is to develop novel hybrid
nanostructures for photocatalytic conversion of carbon
dioxide plus water into hydrocarbons. Semiconductor-
based nanomaterials are promising materials that may
enable this catalytic process, as they can couple single
photon events with accumulation of multiple redox
equivalents upon CO2 reduction. However, most of the
nanomaterials studied are single-component systems,
and their conversion efficiencies are too low for practical
application. In addition, these nanoparticles often suffer
from instability due to light-induced anodic oxidation in
aqueous solutions. Hybrid nanostructures composed of
core/shell nanoparticles may have effectively separated
charges and catalytic sites for enhanced conversion and
also possess good stability at relevant conditions.

The core/shell nanoparticles contain a semiconductor
core and a metal oxide shell, linked to a nanoparticle
catalyst. An example is ZnTe/ZnO core/shell linked to Pt.
The core/shell nanostructure serves for initial photo-in-
duced charge separation, while the metallic component
provides catalytic sites for subsequent chemical conver-
sion. We will take the advantage of high reducing ability
of photo-generated electrons in the semiconductor core
to produce high hydrocarbons in high yields. Coating the
nanoparticle surface with a metal oxide shell not only
protects the nanoparticle from dissolution during the
photoreaction, but also facilitates charge separation by
forming a barrier for controlled back electron transfer.

This project represents cutting edge R&D with high
potential science and promise for practical applications.
The project involves controllable synthesis of hybrid
nanostructures with wet-chemical methods, followed
by characterization of their structures, morphology and
compositions using XRD, SEM, and TEM. The charge
separation and transfer properties will be measured by
transient visible-pump/visible probe, and photoreduc-
tion of CO2 with a photo-electrochemical system. The

goal is to determine the synthesis-structure-property
relations, which will then be fed back to the design of
new nanostructures with enhanced properties.

Benefit to National Security Missions

This project represents a research topic with great
scientific value and tremendous potential for techno-
logical applications. Through controllable synthesis and
systematic characterization of core/shell nanomaterials,
the research is expected to lead to design and devel-
opment of a novel class of hybrid nanostructures for
efficient photocatalytic conversion of carbon dioxide
plus water into hydrocarbon fuels and chemicals. The
synthesis-structure-property-stability relationship to be
determined in this research will lay the foundation for
the ultimate development of solar-to-fuel conversion
devices and have broad implications for rational design
of functional materials in general. This project is tied

to missions in DOE office of science, fossil energy and
renewable energy as well as NSF, and to LANL's Materials
Grand Challenge in the central themes of defects/inter-
faces and emergent phenomena.

Progress
Mechanism study of controlling ZnTe nanocrystal
growth in solution

Magic sized nanoclusters have been found to play an
important role in evolution and shape control of ZnTe
nanocrystals. Three families of ZnTe magic-sized nano-
clusters (MSNCs) were obtained exclusively with high
yields using poly-tellurides as a tellurium precursor in
one-pot reactions by varying the reaction temperate and
time. These ZnTe MSNCs exhibit different self-assem-
bling or aggregation behavior while forming hierarchical
structures with the presence of excessive oleylamine,
owing to different structures, cluster sizes, and dipole-
dipole interactions. The smallest ZnTe MSNCs (F323)
possessed a non-crystalline structure and were as-
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sembled into lamellar triangle plates. Continuous heating
of as synthesized ZnTe F323 assemblies resulted in transi-
tion into lamellar rectangle assembles of ZnTe F398 MSNCs
with the wurzite structure and organization of nanoclus-
ters along <002> direction. Further annealing of ZnTe F398
assembled lamellar rectangles led to formation of larger
ZnTe F444 NCs, which spontaneously formed into ultrathin
nanowires through orientated attachment. Controlling the
growth pattern of ZnTe F398 NCs - namely step growth and
continuous growth was found playing an important role

in determining the diameter distribution of ZnTe ultrathin
nanowires. Phase transition was also an important factor
in determining the MSNCs morphology during the growth
of F398 MSNCs. Transient absorption (TA) measurements
show that all the three families possess ultra-fast dynam-
ics of photo generated electrons, in spite of their different
crystalline structures.

Synthesis of ZnTe/CdS-Pt core/shell nanostructures

The three component nanostructure was prepared using a
multi-step growth strategy. We first developed a synthetic
method for ZnTe nanocrystals with the ability of fine tun-
ing the morphology and phase. Then, ZnTe/CdS-Pt core/
shell nanorods were synthesized using a successive growth
method in organic solution. The morphology, structure,
and chemical composition can be easily adjusted by tun-
ing the reaction parameters. For example, the width and
length of nanorods were controlled by varying reaction
temperature and time, respectively, and the core/shell
thickness ratio was controlled by changing precursor input
amounts.

Spectroscopic study of charge dynamics in ZnTe
nanostructures

The ultrafast internal and external charge separation
dynamics in ZnTe/CdSe core/shell type Il nanostructures
have been studied through femtosecond transient absorp-
tion spectroscopy. The internal electron transfer time from
a ZnTe core to a CdSe shell was found to be 0.67 ps, while
the external electron transfer time from QDs to adsorbed
molecules was found to be <0.2 ps. Such a fast external
charge separation time is due to the extraordinarily high
conduction band energy potential of ZnTe. The results
indicate the preservation of high photo-driven reductive
abilities in the ZnTe/CdSe core/shell type Il heterostruc-
tures and strongly support the use of ZnTe nanomaterials
for photocatalysis in CO2 reduction.

Future Work

In FY2015, we will first optimize the synthetic procedures
for ZnTe/CdS-Pt hybrid nanostructures with fine control
over their nanoparticle sizes, shapes, and crystallinity.
Then, we will modify the surfaces of the hybrid nanostruc-

tures using a ligand changing strategy and establish a facial
method to transfer the nanomaterials from the organic

to water solution, while maintaining their properties of
ultrafast charge transfer dynamics. The structure, mor-
phology and composition of the obtained nanostructures
will be characterized using synchrotron X-ray diffraction,
differential scanning calorimetry, scanning and transmis-
sion electron microscopy. The photoreduction of CO2 will
be performed by using a gas-tight reaction cell containing
the photocatalyst solutions. The photocatalytic perfor-
mance will be evaluated by monitoring the concentration
of product using a gas chromatograph. The mechanism of
the photoreaction will be studied by monitoring intermedi-
ate radical species using EPR. The results of the mechanism
studies will be incorporated into the design and synthe-

sis of new photocatalysts with enhanced performance.

In addition, we will continue to investigate the growth
processes/mechanisms of ZnTE magic-sized nanoclusters,
which eventually lead to ZnTe nanocrystal formation, using
a newly developed reaction vessel, in combination with
synchrotron X-ray small-angle and wide-angle scattering at
CHESS. We anticipate publishing 2-3 peer-reviewed papers
in high-profile journals.

Conclusion

Successful execution of this research will lead to design
and development of a novel class of hybrid nanostructures
for efficient photocatalytic conversion of carbon dioxide
plus water into hydrocarbon fuels and chemicals. Through
controllable synthesis and systematic characterization

of the core/shell nanostructures, we will determine the
synthesis-structure-property-stability relationship for this
family of nanomaterials, which have implications for ratio-
nal design of functional materials in general. The obtained
results will lay the foundation for development of solar-to-
fuel conversion devices and directly address LANL/DOE’s
grand challenges in energy and environmental materials
research.
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Introduction

Three-dimensional passive-source seismic velocity
tomography is a powerful technique that utilizes energy
produced by earthquakes to image potentially complex
subsurface structures, such as magma distributions
beneath volcanoes or subducting slabs. However, the
resolution of these studies are generally limited by the
natural distribution of earthquakes. While active sources
can expand coverage, they are generally only used to
image the upper crust and are costly. Gravity data, how-
ever, provide alternate sources of information regarding
subsurface structures, and are available at a variety of
scales. Due to the inherent relationship between den-
sity and seismic velocity, gravity and seismic data can

be jointly inverted, providing an understanding of Earth
structures that is not limited by the distributions of
seismicity and has stronger constraints on the tempera-
ture, compositional, fluid, and magmatic distributions in
a study area.

The current distribution of seismic stations in Alaska is
focused near the relatively two-dimensional volcanic arc
located above the subducting oceanic plate, limiting the
ability to resolve its seismic structure. The inclusion of
gravity data in a joint inversion will markedly increase
the ability to resolve these features in three dimensions.
| will address questions regarding the sources of volca-
nism in the Alaska subduction zone.

Kilauea Volcano presents a unique opportunity to study
one of Earth’s most active volcanoes, in a location that
has produced historical tsunamigenic earthquakes.
While previous seismic studies have focused on studying
the near-surface beneath the summit caldera, portions
of Kilauea’s rift zones, or the seismically active tsunami-
genic decollement fault beneath the volcanic material
and the underlying oceanic crust, the extent of these
studies are limited by natural seismic distributions. By
combining gravity and seismic data, | will address ques-
tions such as “Can the aseismic and seismic portions of

the decollement be imaged, constraining the maximum
magnitude of earthquake this fault can produce?”

Benefit to National Security Missions

The proposed research will enhance the capability of the
Laboratory through unique expertise in imaging Earth
structure. This expertise has applications to Nonpro-
liferation R&D under Nuclear Nonproliferation, where
accurate Earth models are needed to locate, identify
and determine yield for seismic events of interest such
as underground nuclear explosions. The relationship to
assessing hazards in volcanic zones could be of inter-

est to DHS/FEMA as they are responsible for domestic
preparedness and response regarding, among other
things, natural disasters, and perhaps to the Department
of the Interior’s USGS. High-resolution Earth models are
also required for characterization and monitoring within
several other areas of LANL mission space including geo-
thermal energy development (Applied Energy Programs
Office) carbon sequestration (Fossil Energy, within the
Office of Science Programs), and used fuel disposition
and salt repository science (both within the office of
Civilian Nuclear Programs).

Progress

In her first nine months at the Lab, Ellen has focused

on the joint tomographic inversion of datasets from
Akutan and Makushin Volcanoes in Alaska and from the
Colombian National Seismic Network. This work began
with her extending an algorithm that we use for joint
inversion, JointTomoFDD, to accept an inversion grid
defined in a local Cartesian coordinate system, versus a
geographic coordinate system. This extension makes the
code more versatile and more compatible with datasets
that have been used in older versions of the body wave
tomography code tomoDD.

In her work with Akutan and Makushin Volcanoes, she
is applying JointTomoFDD to a smaller-scale region than
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it has generally been applied previously. In this joint body/
surface wave inversion, the body wave arrival times are
from Alaska Volcano Observatory. She has derived the sur-
face wave dispersion curves from ambient noise measure-
ments. She has more extensively explored the tradeoffs
between the relative weighting of the different data types,
as well as regularization, with the intent that these re-
sults will help inform others on wise ways to choose input
parameters for this algorithm in a more time-efficient way
in future studies. The difference in spatial scale of veloc-
ity features recovered in the Vp versus the Vs models is
helping us better understand how the different data types
affect the inversion in a relatively small region. She has not
yet added gravity data to the inversion due to additional
challenges associated with the size of the region, but she
will begin working on this problem soon. In addition to
the improved understanding of the methodology coming
from this work, the tomographic results are also helping
us better understand the geology of these two volcanoes.
Combined analysis of the velocity structure at each vol-
cano and the distributions of relocated earthquakes are
providing insight to the faulting and possible subsurface
magma distributions and pathways. She has presented
results from this work at several meetings and is currently
writing a manuscript of this work.

Her work on Colombia involves the joint inversion of body
waves, surface waves, and gravity data at a national scale.
This work is ongoing: she has a high-quality body wave
arrival time dataset based on Colombian analyst picks that
has been supplemented and refined, she has prepared the
gravity dataset, and she is currently in the process of de-
veloping the surface wave dataset. She has made surface
wave measurements and will soon test a new code that
will invert the measurements for a 3D surface wave model,
which will be used as input to the joint inversion. Prelimi-
nary body-wave inversion results show a sharp discontinu-
ity in slab seismicity separating the northern non-volcanic
part of the subduction system from the southern volcanic
part. A contrast in seismic velocities associated with the
slab at this discontinuity suggests a possible different tec-
tonic source of the northern and southern portions of the
slab, which has been an ongoing topic of research for the
region. She will present these results for the first time at
the International Association of Seismology and Physics of
the Earth’s Interior (IASPEI) meeting in July.

Ellen has been working with a fellow postdoc (now staff
member) at the Lab in his work to improve computational
and regularization aspects of joint inversions. While he has
a strong background in mathematics and programming, he
had never previously worked with passive-source seismic
data. Ellen has been working with him to help him better

understand the challenges of our field and identify aspects
where he can make a valuable contribution to the commu-
nity, as well as some of the mechanics of working with the
datasets and visualizing results.

Ellen is also helping me — her mentor - with a summer
student in her work using seismic data from Bhutan. The
student comes to the lab with little experience in seismic
research, and Ellen is helping her to conduct a joint tomo-
graphic inversion of surface wave and body wave data.

Besides her research, Ellen has participated in several
activities at LANL and in the geosciences community. She
has convened topical sessions at scientific meetings, peer-
reviewed journal articles and NSF proposals; as well as
disseminate her work through invited seminars at several
institutions.

Future Work

Ellen will simultaneously invert two different data types to
derive the Earth’s 3D velocity structure beneath the Alaska
subduction zone and the Kilauea volcano, Hawaii, as well
as the complex subduction zone underneath Colombia.
Seismic data will come from local, regional, and national
networks and deployments, while gravity data will come
from US satellite missions as well as in-land measure-
ments. The research paths will be as follows: (1) develop
code for efficient and robust multi-parameter inversion,
(2) gather and pre-process the different data types, and (3)
perform multi-parameter inversion to produce a validated
high resolution high accuracy 3-D velocity image of the
Alaska subduction zone, the Kilauea volcano, Hawaii, and
the Colombian complex subduction zone. All these three
tasks have been initiated during the first year of the proj-
ect and will be continued and completed by the end of the
second year.

Conclusion

The expected results from the research are: I. Develop-
ment of the next-generation method for imaging the 3-D
structure of the Earth and, Il. A high-resolution high-accu-
racy 3-D velocity image of the crust and upper mantle be-
neath the Alaska subduction zone and the Kilauea volcano,
as well as the complex Colombian subduction zone. Ellen
is expected to submit two papers to high-impact journals
addressing the scientific questions stated in the abstract.

Publications

Lin, Y., E. Syracuse, M. Maceira, C. Larmat, and H. Zhang.
Joint inversion for Kilauea volcano with an edge-
preserving constraint. 2014. In Seismological Society of
America Annual Meeting. (Anchorage, 29 April - 2 May,
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Introduction

Exotic properties of strongly correlated electron materi-
als, such as high-temperature superconductivity and
multiferroicity, have inspired an extensive research effort
to harness these properties for technological applica-
tions. However, the labyrinthine pattern of compet-

ing interactions between charge, spin and lattice has
prevented the development of predictive theoretical
frameworks and establishment of basic material design
principles. In general, it is a rather elaborate task for
regular time-averaging probes to decipher the nature of
the quasiparticles and the interactions involved in collec-
tive material behavior because they give little informa-
tion on the specific degrees of freedom and underlying
microscopic physics. In contrast, ultrafast optical spec-
troscopy offers unsurpassed ability to discriminate the
coupling between charge, spin, and lattice in the time
domain because their dynamics differ by several orders
of magnitude (e.g., tens of picoseconds for phonons vs
hundreds of ps for spins).

In this research, we will apply novel ultrafast vacuum
ultraviolet photon sources to perform time-resolved
X-Ray magnetic linear (and circular) absorption dichro-
ism spectroscopy of a number of strongly correlated
electron materials and heterostructures where spin
interactions with other degrees of freedom determine
material functionality. These techniques will provide new
insight into the spin dynamics in these materials with
unprecedented time resolution, element specificity, and
sensitivity to antiferromagnetic ordering and dynamics
near buried interfaces. The results of our advanced char-
acterization effort will directly feedback to the theoreti-
cal effort of our colleagues from Theoretical Division. We
strongly believe that such a combined ultrafast theory
and characterization approach aimed at resolving spin,
charge and lattice interactions, as well as the associated
quasiparticle dynamics, will ultimately result in a predic-
tive framework for understanding emergent phenomena
in strongly correlated electron materials. As such, this

work is poised to make a broad impact on condensed
matter physics and will open new directions in complex
materials research.

Benefit to National Security Missions

Our work directly addresses the Grand Scientific Chal-
lenges identified in the Basic Energy Sciences Advisory
Committee report, which are central to DOE’s missions in
energy, science, and security in general, and to the LANL
Materials Pillar in particular. Our thrust to couple model-
ing, complex materials synthesis and ultrafast optical/X-
Ray science aligns well with MaRIE vision of “material co-
design” and further develops new capabilities for MaRIE
science. During this project, we anticipate to access large
BES X-Ray faciltiies at LCLS and APS in accord with insti-
tutional priority in supporting national user facilities. The
proposed experiments are critical to achieving design
and synthesis of new materials with controlled func-
tionalities. Materials with tunable and novel functional-
ity are an enabling component in the development of
next-generation devices for sensing, information storage,
and spintronics applications. We believe that our inte-
grated capabilities in complex material design, synthesis
and characterization will be of great interest to multiple
sponsors, including DOE-BES, DOD, IC, and industry.

Progress

The goal of this project is to probe ultrafast spin dynam-
ics in strongly correlated materials using time-resolved
X-ray magnetic linear/circular absorption dichroism
(XMLD/XMCD) spectroscopy. First-year goal was to
develop a table-top time-resolved XMLD source and de-
tector, and verify their performance on model complex
materials. We have modified existing soft X-Ray source to
enable generation of 30 femtosecond pulses with pho-
ton energies ranging from 20 to 100 electronVolts (eV)
and high photon fluxes. This source was integrated into
an XMLD spectrometer to enable the studies of photo-
induced spin dynamics at sample temperatures between
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4 and 400 K under ultrahigh vacuum conditions.

Following setup and optimization of the experimental ge-
ometry, we have used it to study the dynamic response of
several antiferromagnetic materials. The XMLD technique
probes p-d transitions of magnetic ions and is valuable tool
for understanding how spin order is coupled to other order
parameters (charge, orbital, lattice), because d orbitals of
transition metal ions are usually the origin of the magne-
tism in complex materials. In particular, our ultrafast table
top soft x-ray source is capable of spanning the 3p-3d
transitions (M-edges) of the transition metal components
of many strongly correlated electron compounds. To study
the dynamics of spin degrees of freedom, it is initiated by
photo-exciting (pumping) a sample with a femtosecond
near-infrared laser pulse which takes the material out

of equilibrium and modulates spin ordering by transient
modulation of charge density or exchange interaction,

or by lattice distortions. Subsequently, a soft x-ray pulse
probes the dynamics by monitoring absorption dichroism
(polarization dependence) of the magnetic ion of interest.

In the first year, we focused our efforts on the first dem-
onstration of feasibility of ultrafast broadband (20-100 eV)
XMLD measurements using antiferromagnetic (AFM) SmM-
n0O3 (SMO) as a test system. Preliminary studies of the
time-averaged (no pump) XMLD signal temperature depen-
dence show an increase in XMLD signal below 60K which
is consistent with the onset of AFM spin ordering at Neel
temperature of 59K. Subsequently, we have measured the
transient XMLD response of SMO in the AFM state to ul-
trafast optical excitation. We demonstrated that a very fast
(~1 picosecond) drop in the XMLD signal occurs after exci-
tation and happens only at Mn3+ absorption edge around
47 eV. This serves a clear indication that the observed sig-
nal originates from an ultrafast change in ordering of Mn
spins. To eliminate the possibility of experimental artifacts,
we are currently performing similar measurements on Cr

( AFM below ~311K) and La0.42Ca0.58Mn0O3 (AFM below
~250K). When combined with theoretical simulations from
our collaborators, these results will provide novel and,
importantly, element specific, insight into photo-induced
spin dynamics in AFM complex materials. These results
will then be used as a basis for studies of more complex
systems, such as multiferroics and high-temperature
superconductors. As a groundwork and guidance for these
future ultrafast time-resolved studies, we have performed
static XMCD/XMLD experiments at SLAC SSRL synchrotron
facilities. Here, we have made temperature dependent
measurements of element-specific spin structure in multi-
ferroic heterostructures. In particular, we have measured
the effects of proximity on exchange bias mediated cou-
pling between AFM BiFeO3 (BFO) and ferromagnetic (FM)

Lal-xSrxMnO3 (LSMO) thin films in layered and nanopillar
heterostructures. In comparison with pure BFO films, the
XMLD measurements at Fe edges in BFO/LSMO hetero-
structures show an appearance of new magnetic transition
temperature (~130K) in BFO, below which XMLD signal is
suppressed thus indicating onset of proximity-induced FM
order in AFM BFO material. To our knowledge this is the
first time such effects in BFO/LSMO heterostructures have
been observed using XMLD spectroscopy. This peculiar
sensitivity of XMLD to proximity-induced FM ordering will
enable future studies of FM spin alignment in complex ma-
terials heterostructures using our tabletop setup, because
LANL ultrafast XRay source is currently limited to genera-
tion of linear X-Ray polarization.

Future Work

Exotic properties of complex materials emerge from the
strong interactions among spin, charge, and lattice degrees
of freedom (DOF). Existing theories cannot predict the
emergent behavior, largely because available time-aver-
aging experimental probes cannot decipher the interac-
tions between particular DOFs. In this regard, ultrafast
optical spectroscopy (UOS) offers an unmatched ability to
separate various DOF and coupling among them in time
domain. Our goal is to apply advanced UOS techniques

to study time-dependent and element-specific processes
that are important for understanding the DOF interplay in
complex materials.

Based on our previous experience, we will apply our opti-
mized table-top ultrafast X-Ray linear absorption dichro-
ism probe to directly reveal the dynamics of spin and its
coupling to charge and lattice in a set of novel multiferroic
materials. In these materials, magnetic and ferroelectric
polarizations are strongly coupled and allow manipulation
of electric polarization with magnetic field and magnetiza-
tion with electric field. Initially, we will study the dynamics
and timescales of magnetization switching following the
photoexcitation with ultrashort optical pulses. We will
start with ToMn205 and BiFeO3 multiferroic crystals and
disturb the magnetic ordering by excitation with ultrashort
optical pulses and ensuing modulations in strain, charge or
orbital orders. Time delayed X-Ray pulses will monitor the
changes of spin alignment on particular ions and quantify
the time required for re-establishment of spin alignment in
the material. Epitaxial heterostructures will be of particular
interest due to anticipated enhancement of multiferroic
properties caused by proximity effects. In particular, we
will interrogate magnetic order dynamics in multiferroic
BiFeO3/La0.7Ca0.3Mn03 and BaTiO3/CoFe204 hetero-
structures. In these experiments, we will study the effects
of strain and film composition on the spin re-ordering
timescales. These experiments will shed a new light on the
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coupling between charge/lattice and spin systems respon-
sible for emergence of magnetoelectric coupling in multi-
ferroics.

Conclusion

We expect that experimental and theoretical insights
developed here will lead to a leap in our comprehension of
the competing interactions in complex materials. Our novel
ultrafast coherent photon probes will allow direct visualiza-
tion of the real-time formation of competing orders, and
will ultimately enable manipulation and coherent control
of materials functionality. Our approach will fill the ur-
gent need in integrated modeling, synthesis, and ultrafast
nanoscale characterization capabilities essential to address
several challenges in materials science. The understanding
of complex materials properties developed here will have

a significant impact on wide ranging technologies from
information storage to energy applications.
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Introduction

Nature is the source of medicinal products and toxins for
millennia. Following the isolation of penicillins, natural
product discovery focused on microbial sources and
many have been widely used since then. Due to increas-
ing drug resistance of all kinds of pathogens, under-
standing natural products’ biosyntheses, speeding up
their discovery and evaluation of potential medical use
is an important goal. The advent of fast, low cost DNA
sequencing led to a plethora of genomic data of bacte-
ria and fungi. Now we are in a position to exploit those
data in a multidisciplinary approach towards fast natural
product discovery and isolation from microbial sources.
Our pioneering work allows insight of how microbes pro-
duce bioactive compounds using biosynthetic multi-en-
zymatic clusters. We develop technology to identify the
genes encoding for natural product biosynthetic machin-
eries within translated genomic DNA. In addition, this
technology allows us to anticipate which building blocks
are incorporated by using bioinformatics and computa-
tional chemistry, and subsequently postulate the natu-
ral product’s structure. Research steps are: 1. Genome
Mining of selected bacteria will identify natural product
biosynthetic machineries and predict building blocks
(e.g. amino acids). 2. Bacterial strains are cultivated,
natural products are extracted from cultures and identi-
fied by Nuclear Magnetic Resonance (NMR) and high-res
mass spectrometry (MS). The availability of high-field
NMR and excellent MS resources will uniquely enable
the project at LANL. 3. Available techniques will be ap-
plied to elucidate structures of newly identified com-
pounds. 4. Isolated genes of clusters will be transformed,
expressed and biochemically characterized in vitro to
validate the underlying biosynthesis. 5. The bioactivity
of newly isolated natural products will be evaluated to
gain insights into the natural product’s antimicrobial,
antiviral, cytostatic and cytotoxic properties as well as
into its medical potency, which translates to measure of
biosecurity and threat reduction by known and unknown
biological toxins.

Benefit to National Security Missions

This project supports the LANL public health mission
(Homeland Security Act 2002, DOE Strategic Plan 2011,
Public Health Security and Bioterrorism Preparedness
and Response Act 2002) as well as its mission in global
threat reduction. It also has direct appeal to our WFO
sponsors and the base knowledge acquired can be ap-
plied to increasing efficiency of novel product synthesis
to make it more cost effective. It will both leverage and
strengthen our capabilities in computing, genomic/meta
genomic analysis and isotopic enrichment in a multi-
disciplinary project utilizing Matttias’s skills to bridge the
disciplines in support of missions in renewable energy,
biosurveillance and biosecurity.

Progress

For the bioinformatic part of the project, it was pro-
posed to identify at least 10 new gene clusters encoding
for biosynthetic machineries for natural product produc-
tion. Instead, | used a more sophisticated approach by
systematically analyzing all available microbial genomes
deposited in the NCBI database. The analysis was carried
out using an adapted stand-alone version of the publi-
cally available bioinformatic tool, AntiSMASH (Blin et al.,
Nucl. Acids Res. 2013, 41, W204). Within the analyzed
2,773 genomes of bacterial strains, more than 19,000 of
these gene clusters were found. From this vast amount
of available strains, five were chosen (Myxococcus
xanthus DK 1622, Corallococcus coralloides DSM 2259,
Streptosporangium roseum DSM 43021, Catenulispora
acidiphila DSM 44928, Herpetosiphon aurantiacus DSM
785) in which the biosynthetic clusters are unusual, i.e.
not following the classical linear, multi-modular organi-
zation (Strieker et al., Curr. Opin. Struct. Biol. 2010, 20,
234). This approach significantly reduces the probability
of isolating compounds similar to known or identified
natural products. Within these five strains a total of 124
gene clusters have been identified. Bioinformatic analy-
sis revealed that 25 of these clusters showed unusual
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organization and hence are likely to yield bioactive natural
products. Subsequently, these clusters were analyzed in-
depth using additional bioinformatic tools, such as pfam
(Finn et al., Nucl. Acids Res. 2014, 42, D222), nrpspredic-
tor2 (Rottig et al., Nucl. Acids Res. 2011, 39, W362) and
2metdb (Bachmann et al., Meth. Enzymol. 2009, 458, 181)
to facilitate structure and building block prediction of the
natural products.

The practical goals were to establish growth of five differ-
ent bacterial strains and the isolation as well as structural
characterization of three novel natural products produced
by these strains, facilitated by feeding isotopically en-
riched, predicted building blocks. To meet these goals, the
five abovementioned strains were successfully cultured un-
der laboratory conditions. In addition to the bioinformatic
prediction of the amino acid building blocks, it is important
to biochemically correlate the identified gene clusters to
the 25 predicted natural products by cloning and expres-
sion of the amino acid building block activation enzymes.
This gives valuable insights into natural product assembly
mechanisms and allows estimation of how the predic-
tions match the actual substrate building blocks. In total
197 genes and gene fragments within the 25 clusters were
annotated to be involved in building block (amino acid)
activation. 75 of these genes have been successfully cloned
and the generated expression plasmids were used to trans-
form E. coli BL21 (DE3) cells to yield expression strains for
the building block activating enzymes. In initial test expres-
sion studies using 23 of these heterologous strains protein
production was observed. In the subsequent large scale
expressions (10 of the 23 constructs tested so far), soluble
protein was obtained in sufficient amount for biochemi-
cal characterization. By carrying out photometric assays
(Wilson et al., Anal. Biochem. 2010, 404, 56) with the 20
natural amino acids for each individual building block acti-
vating enzyme, it was possible to confirm the activation of
the predicted building blocks in 90% of the cases.

The feeding experiments for fast natural products isola-
tion are currently limited to stable isotope labels (13C), as
| am still waiting for the radiological permit for the faster
14C-feeding experiments. Practically, this means the com-
pounds within the cell/supernatant extracts are separated
by liquid chromatography (HPLC), the individual fractions
are freeze-dried, the yielded solids are analyzed by NMR
(Nuclear Magnetic Resonance) spectroscopy for 13C-car-
bon enrichment and hence the proposed natural product.
For one bacterial strain this whole process can take up to
four months for one novel natural product. So far, 13C-
cysteine was fed to Streptosporangium roseum in order to
facilitate isolation of a natural product that was predicted
to be composed of three cyclized cysteines. From analysis

of individual fractions by the procedure stated above, iso-
lation conditions for that predicted natural product were
established, large scale isolation without label was carried
out and the structure was elucidated by NMR. The isolated
natural product showed three cyclized cysteines and an
additional aromatic amino acid. Due to the delay in obtain-
ing the radiological permit, only one of the targeted three
natural products has been structurally characterized yet,
but | am confident that the remaining two can be obtained
by the end of FY14.

Future Work

During the second fiscal year the 25 identified biosynthetic
clusters coding for new natural product machineries will be
validated biochemically and used to proof the concept of
genome mining for accelerated natural product discovery.
Key steps during the second year are:

1. Continuing the isolation of the predicted natural prod-
ucts. The five in-house, established bacterial strains
will be fed with isotopically enriched (e.g. 13C, 15N, 1H
or 3H, 14C) predicted building blocks of the proposed
novel natural products; these can then easily extracted
from the culture by following the metabolic fate of the
label. Incorporated isotopes readily identify proposed
compounds after chromatographic separation.

2. Structure elucidation of isolated, novel natural prod-
ucts. Once separation from small-scale, enriched cul-
tures is achieved, large-scale culturing without labels
will follow. Available techniques - NMR, elemental
analysis, high-resolution MS - will be applied to eluci-
date chemical structures of newly isolated compounds.
The biosynthesis of natural products is highly tran-
scriptionally controlled and isolation will likely not be
achieved for all identified clusters. Nevertheless, five
novel natural products should be structurally charac-
terized in FY15.

3. Validation of the biosynthesis clusters for the isolated
natural products. In order to link the isolated natural
product to the biosynthetic gene cluster proposed, the
building block activating enzymes of the 25 individual
clusters will be cloned and expressed in E. coli, fol-
lowed by activity assays. This will provide an estimate
how well the prediction of the building blocks works
and will guide improving the predictive algorithm as
well as giving valuable insights into how nature pro-
duces bioactive natural products in general.

4. |Initial bioactivity assays for the isolated natural prod-
ucts. The isolated natural products will be tested
initially for antimicrobial activity against Gram-negative
and Gram-positive bacteria using paper-disk and
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MIC90 assays. In addition, siderophore activity will be
tested using CAS assays.

Conclusion

It is clear that Nature, especially microbes, continue as a
major source for drug leads. This project elegantly couples
the advances in DNA sequencing with biochemical tech-
niques, methods of structure elucidation and advanced
knowledge in biosynthesis. The presented strategy will
significantly shorten the time span for natural product
discovery, lead to faster evaluation of bioactivity and con-
sequently accelerate drug development. This supports the
mission of LANL Bioscience in biosecurity and the lab’s mis-
sion in threat reduction and global security. It guides future
developments of accurate prediction of natural product
structures exclusively based on genomic DNA information
and vice versa.
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Introduction

The goal of this project will be the preparation of a new
class of catalyst compounds that will be used to synthe-
size ammonia from nitrogen and hydrogen or water. This
fundamental work will result in new methods for attach-
ing these and similar catalyst materials to electrodes that
will convert nitrogen and water from the atmosphere
directly into ammonia using electricity. By attaching the
catalyst materials directly to the electrode, we believe
that an effective electrocatalyst for the synthesis of am-
monia will become possible.

Currently there is no practical way to store electricity
from a wind or solar power plant over hours to days
time, which is necessary to level out the electricity
production of these sources through the time when
they cannot produce (e.g., if the wind does not blow

or at night). The electrochemical synthesis of ammonia
offers the potential to store electrical energy as ammo-
nia because ammonia can be consumed in a fuel cell to
produce electricity, thereby regenerating the electric-
ity that initially formed it. Such storage would make it
possible to capture a much larger quantity of electricity
generated from renewable, intermittent sources such as
wind and solar energy. The electricity (stored as am-
monia) can then be regenerated when demand is higher
or when when the renewable source cannot generate
power (e.g., if the wind does not blow or at night). In this
way, this project takes a first small step toward this goal
by investigating how it may be possible to store electric-
ity directly as the chemical bonds in ammonia.

Benefit to National Security Missions

This work will provide basic information on how electro
catalytic compounds can bind to the surface of elec-
trode materials. This will have an impact on the basic
understanding of surface-metal complex interactions as
well as on the ability of these molecules to participate
in electrochemical reactions as catalysts. Because of

the use of this class of materials in the electrochemical
synthesis of ammonia, the work will impact renewable
energy production. If successful, it may offer an avenue
to store energy from intermittent sources such as wind
or solar power. Clearly any enabler of renewable energy
will have a positive impact on energy security because it
will decrease dependence on fossil fuels and it will have
a positive impact on the climate because it does not pro-
duce carbon emissions. The DoD has a need for energy
storage; this work may provide some insight towards
field-deployable energy storage.

Progress

We have initiated work on synthesizing new molecular
complexes for effecting the electrocatalytic reduction of
dinitrogen to ammonia. To date, three molecular com-
plexes have been reported in the literature to perform
N2-to—NH3 catalysis, all of which use chemical reduc-
tants. Our strategy has been to synthesize a variant of
one of these catalysts, modified with a tether capable of
being attached to an electrode surface so that the trans-
formation can be carried out electrochemically.

Specifically, the ligand in question is 2,6-(tBu2PCH2)2-
pyridine, and we have designed and begun to implement
a synthetic protocol for generating a variant, which can
be chemically attached to an electrode. The synthetic
route is a six step process which has never been carried
out with this specific compound. We have achieved the
first four steps, each of which occurs in high (85-90%)
yield. We found alternative methods for producing the
halomethyl intermediate 2,6-(XCH2)2-4-Br-pyridine (X =
Cl, Br) that does not require the use of volitile and reac-
tive reagents. We are currently investigating the final
two steps of the process, phosphine alkylation reactions
to generate [2,6-(tBu2PHCH2)2-4-Br-pyridine][X]2 (the
reaction works and purification of the product is current-
ly underway), which will be used to generate the desired
compound that will attachable to the electrode surface.
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Our plan moving forward is to introduce the transition
metal, which would be performed in a similar manner as
the original homogeneous chemistry, and the success of
this strategy will be gauged by performing spectroscopic
studies on the generated materials. We are purposely
targeting optically transparent, conductive materials to
facilitate characterization of our products. With the suc-
cessful formation of our surface-adhered molecular transi-
tion metal complex, we will perform a range of studies to
test the ability of these species to undergo electrocatalyic
dinitrogen reduction, using a combination of spectroscopic
techniques and known analytical chemistry methods for
characterizing the products.

Future Work

This year we will complete the synthesis of the ligand that
will bind the catalytically active molybdenum complex to
the surface of an electrode. There is only one step left in
the 6 step synthetic process, so we fully expect to com-
plete this part of the project. Studies of the binding ef-
ficiency will be followed by studies of the electro-catalytic
reduction of ammonia at the catalyst modified electrode.
We will also pursue the possibility of reduction of nitrogen
using chemical reducing agents such as hydrogen. This
may be possible because of the changes in the reactivity of
the molybdenum complex that are caused by tethering it
to a solid surface.

Conclusion

The overall goals of this project are to synthesize cata-
lysts for ammonia formation that can be directly attached
to electrode surfaces. Such electrodes will facilitate the
study of the electrochemical synthesis of ammonia which
will result in a greater understanding of the process. Such
understanding will support development of this process,
which could enable the storage of electricity as fuel (am-
monia) from wind turbines or solar arrays. The ammonia
could then be used to regenerate electricity or as a fuel for
transportation.
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Introduction

Familiar cellular process of gene expression, protein
movement and sensing, all involve protein-protein inter-
actions. Tools for monitoring these (such as fluorescent
protein fusions like green fluorescent protein tags (GFP))
are relatively mature. But tools for controlling them lag
far behind. Light/oxygen/voltage sensor proteins (LOV)
have used to control cell motility with light, for example,
but required complex, bulky proteins to be attached to
cell receptors. Furthermore, these fusions were “invis-
ible” and required GFP to be attached to them to visual-
ize their positions. On the other hand, we have made

a split GFP of three pieces that can be used to monitor
protein interactions (two proteins that interact bring
together small fragments of GFP, then this is ‘detected’
by adding the remaining large piece of GFP). This system
has the advantage that it becomes fluorescent when

the interaction occurs, and that only small pieces or tags
are attached to the test proteins. However, it is only a
passive reporter. We plan to use laboratory evolution to
tune the stability of the split GFP so that the cis-trans
isomerization (change of the chromophore shape that
accompanies absorption of light) and its associated ste-
ric strain makes the GFP fold and unfold with light. Since
our GFP is a split, this folding and unfolding will translate
to assembly and disassembly of the 3 pieces. The effi-
cient light-switchable split GFP will be used to study and
control the infection cycle of influenza and its interaction
with host hemagglutinin proteins. We will also use this
system to control the nucleation and formation of crys-
tals of the influenza serine protease and the host target
protein, leading to the first X-ray crystal structure of this
complex. Since this protease action is required for infec-
tion, this should further our understanding and ability to
control this disease.

Benefit to National Security Missions
Light switchable protein assembly/disassembly mod-
ules that are genetically encoded can be expressed in

living cells. This impacts health research, and our abil-
ity to monitor and manipulate host/pathogen biology.

It also lets us control when and where transcription,
cell-signaling and sensing, and cell-cell contacts occur in
organisms and tissues. This tool lets us perform what-if
experiments on host-pathogen interactions, and test hy-
pothesis about the spatial and temporal roles of protein-
protein interactions, for example the serine-protease
activity on hemagglutinin required for influenza to enter
host cells. This same technology can be extended to use
versions of fluorescent proteins that recognize pathogen
signature peptides, and trigger this recognition and bind-
ing using light. Energy and synthetic biology programs
can benefit by using light to activate pathways to en-
hance production of commodity products by program-
ming organisms to turn on the required biosynthesis
when and where it makes sense. This fundamental tool
allows light to be used for exquisite spatial and temporal
control of disease, infection, and host-pathogen biology,
important to the biosecurity component of our national
security mission.

Progress

Natasha has focused on engineering versions of the
Green Fluorescent Protein (GFP) that can be used to
induce new modes of lattice formation in crystallization
with partner proteins. The goal is to allow researchers
greater diversity and chances to grow useful crystals

of trial proteins in order to solve their structure. A key
new outcome would be the use of light to induce the
formation of these crystals on demand. This would allow
the nucleation (nacent formation of microcrystals to be
controlled by light. She hopes to use these libraries to (1)
discover photoactivatible/dissociable split GFPs that also
(2) induce new modes of lattice formation in crystalliza-
tion trials. She has (1) engineered mutants of GFP 1-10
+S11 and GFP 1-9 + 10-11 that are depleted of natural
cysteines in order to eliminate off-pathway dimer forma-
tion; tested dimer-inducing mutations in the split GFP
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format in collaboration with Todd Yeates & David Leibly at
UCLA. They had already made a set of split GFPs with new
cysteines to create ‘designed’ contact points between the
GFP molecules in the crystal. Natasha characterized these
as GFP 1-9 + GFP 10-11 split proteins, and measured their
stability and reassembly rates. Natasha has attached sev-
eral proteins from mycobacterium tuberculosis to the GFP
10-11 fragment and complemented with the above GFP
1-9 mutants. Crystallization trials are currently underway.
She is designing mutant libraries around the chromophore,
which will be synthesized by GeneScript and screened at
LANL to identify photodissociable/photoassociable split
GFPs.

Future Work

The first year was focused on a two-body GFP, and the
second year is focused on the a three-body GFP. The tasks
seem similar on the surface, but the focus is on a com-
pletely different protein, yielding different results.

Task 1. Evaluate the ability of our existing split GFP (a
green fluorescent protein broken into three pieces, “three-
body”) to come apart and reassemble after exposure to
different colors of light. This will be facilitated by using two
versions of the small pieces, one of which leads to green,
the other a yellow version after assembly with the remain-
ing large piece of GFP. Outcome: This way we can measure
how much is converted (green/yellow ratio). We will have
a table of light color, intensity, time, and fraction of the
GFP that is disassembled/reassembled.

Task 2. Make libraries of mutants of this three-piece split
GFP and express them in E. coli. We will look for color
change signifying the displacement of the small strands,
by the new color strands. This can only happen if the light
activates disassembly and reassembly. Outcome: We hope
to find mutants with enhanced ability to undergo this as-
sembly and disassembly.

Task 3. The best performing mutants of Task 2 (best light
switchable split GFPs) will be tested using the same proto-
col as Task 1. We will use these to bring together hemag-
glutinin substrate and the serine proteases of influenza,
and measure the enhanced cleavage. We will extend this
work using the E. coli membrane-associated RND pump.
We will also test model protease/substrates including
tobacco-etch virus protease and a substrate. Outcome: We
expect light-activated assembly of the protease and sub-
strate to enhance this cutting rate and efficiency. The effect
of locking together the components of the RND pump will
be determined by using resistance to tetracycline.

Conclusion

Development of an efficient light-controlled modular
protein that can be assembled and disassembled with
light. This tool could revolutionize experimental biology
by leveraging all the existing work on full-lenght and split
fluorescent proteins as reporters of protein interactions,
giving the key added function of controllers of protein
interactions. Transcription, signaling cascades (passing
biochemical signals between interacting proteins), caging
and releasing substrates with light (to turn on signals at a
whim) will all benefit by the exquisite temporal and spatial
control afforded by light. Optical imaging (superresolution
microscopy) can be extended to spy on protein-protein
interactions beyond conventional optical resolution.
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Introduction

Ecosystem processes such as nutrient cycling sustain life
on earth, and are controlled in large part by communi-
ties of fungi and bacteria (collectively termed microbes)
that reside in the soil. Global changes, such as nitrogen
deposition, warming, elevated CO2, and altered precipi-
tation, alter the abundance and biodiversity of microbial
communities and significantly alter ecosystem functions.
Soil microbial communities largely determine whether
terrestrial ecosystems act as carbon sources or sinks
under elevated CO2. However, biochemical processes
mediated by complex microbial interactions in the soil
remain a black box in terrestrial ecosystem models. A
major hurdle in linking complex soil communities to
major ecosystem processes is the ability to distinguish
among the active and dormant members of the commu-
nity. Understanding how dormancy structures microbial
communities is of particular concern because it is a
strategy for survival under unfavorable environmental
conditions, and could be a pathway for resiliency of
microbial communities to climate changes. | will use a
combination of high-throughput DNA and RNA sequenc-
ing with targeted measures of activity in field-scale
experiments and contrived community experiments in
the laboratory to determine the relative contributions of
the active populations, as well as the constraints on the
ability of microbial populations to enter and exit from
dormancy. Collectively, these studies will help us under-
stand how the microbial community regulates climate
change responses and feedbacks in the soil.

Benefit to National Security Missions

First, this project will help fill a significant informa-

tion gap in our knowledge of and ability to predict the
outcomes of processes that are mediated by complex
microbial communities in soils. Soils are an enormous
reservoir of carbon (C) on Earth, and the concerted
activities of soil microbes regulate the storage or release
of this C. Second, the project directly contributes to

DOE missions in biological systems science and climate
change responses. It also advances metagenomics tech-
nologies and basic environmental surveys that enable
more accurate, specific detection of target microorgan-
isms in environmental samples, thus contributing to a
technology base supporting biothreat detection. Third,
this project advances our understanding of fungal and
bacterial biomass and metabolic capabilities; these are
organisms from which we have historically derived most
of our antibiotics, as well as other pharmaceuticals and
industrial enzymes. Fourth, many of the fungi we will be
studying also have potential in processing C for biofuels
applications.

Progress

A soil microcosm experiment that compares microbial
community responses to increased moisture, increased
nitrogen, and warming temperatures is nearly complete.
Measures of soil respiration have been collected over
the time-course experiment. Extraction of soil RNA and
DNA are currently underway.

In addition to manipulating soils with the above addi-
tions, we used three different stresses in order to de-
termine which community members are able to survive
harsh environmental conditions, including heating to
65C, freezing at -80C and long-term dessication. Mea-
surements of soil respiration and community composi-
tion are planned for the next two months. In addition,
we are in the process of constructing contrived com-
munities of known composition to link known functional
genes to ribosomal genes to gain a greater understand-
ing of using rRNA as an indicator of activity.

We have a predicted timeline for sequencing and com-
munity analysis for the first phase of this experiment of
two months. Completion dates for subsequent experi-
ments are projected for 6 months.
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Expected publications. We expect to generate two publica-
tions from the initial experiment, one linking soil respira-
tion with community composition of fungal and bacterial
communities, and another examining the dynamic rank
abundance curves of active and dormant fungal and bacte-
rial communities, which will include data from the stress
experiments currently underway. Results from analysis

of the contrived communities will result in an additional
publication.

Future Work

Objective: To investigate how dormancy determines com-
munity response to global change and the implications of
dormancy on soil processes.

Rationale: The major goal of the SFA is to understand how
global change, primarily nitrogen deposition, will affect
microbial communities, and in turn, important ecosystem
functions, such as carbon cycling. Understanding how
dormancy structures microbial communities is important
for understanding both the long- and short-term impacts
of global change on microbial biodiversity because it is a
strategy for survival under unfavorable environmental con-
ditions, and is a potential pathway for resiliency of micro-
bial communities to global change.

Approach: We are using controlled laboratory approaches
to study the response of natural microbial communities, in
two contrasting soils, to multiple environmental manipula-
tions (e.g., increased water availability, increased tempera-
ture and increased nitrogen availability). The responses to
these perturbations are tracked over time by quantifying
soil respiration using gas chromatography. The active and
total communities will be measured using molecular analy-
sis of rRNA and rDNA in order to both link the composition
of the active community to measures of soil respiration,

as well as to quantify shifts in the active community over
time. These measures will allow us to determine the short-
term community responses to predicted global changes,
and to link those shifts with ecosystem function.

Conclusion

The goals of this project are to understand the relative
contributions of active soil bacterial and fungal popula-
tions, and constraints on their ability to enter and exit
from dormancy, to enable accurate predictions of Cor N
fluxes from the soil. By quantifying microbial activity and
dormancy under dynamic environmental conditions, my
proposed studies will determine how the microbial com-
munity regulates climate change responses and feedbacks
in the soil, which are critical for development of soil pro-
cess models and to define appropriate input variables in

regional climate models.

Publications

Mueller, R. C., M. M. Balasch, and C. R. Kuske. Contrasting
soil fungal community responses to experimental
nitrogen addition using the large subunit rRNA
taxonomic marker and cellobiohydrolase | functional
marker. 2014. MOLECULAR ECOLOGY. 23 (17): 4406.
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Introduction

The proposed work will investigate the development of
catalytic systems that convert readily available, highly
oxidized precursors such as carbon dioxide, acetic acid,
and glycerol into higher-order compounds containing
more carbon atoms that can readily be converted into
alkanes, which are the main components of transporta-
tion fuels. This work addresses both the synthesis of the
higher order fuel precursors and their defunctionaliza-
tion to produce hydrocarbons that would be suitable as
fuels. This has the potential to convert biorenewable and
abundant molecules into molecules with potential use as
fuels.

Benefit to National Security Missions

The goal of the project is the synthesis of molecules that
can serve as fuels from readily available and sustainable
molecules such as CO2, acetic acid, and glycerol. These
goals are directly in line with DOE OBES'’s interests in
fundamental chemistry and catalysis science and DOE
EERE’s interests in sustainable and biorenewable chem-
istry. This work also directly impacts the area of climate
and energy impact vis-a-vis the conversion of biorenew-
able and abundant small molecules into higher order
carbon containing species with potential use as hydro-
carbon fuels for transportation applications.

Progress

The concomitant rise in global energy demands and
growing concerns over climate change have spurred
interest in the development of less-expensive synthetic
methods for high-value chemical feedstocks. To address
this challenge, we are developing a system that converts
readily available, highly oxidized Cn (n < 3) precursors
such as CO2, acetic acid, and glycerol into higher-order
Cm (m = 6) compounds that can readily be converted
(via hydrogenation/dehydration reactions) into alkanes,
which are the main components of transportation fuels.
This technology will be comprised of two separate

chemical concepts: the reductive coupling (via C-C bond
formation) of the carbon precursor(s) and defunctional-
ization (oxygen atom removal) of the coupled product.
Not only are there relatively few reports detailing homo-
or hetero-coupling of Cn precursors, but the defunc-
tionalization of highly oxidized Cm compounds is still an
emerging field.

Our approach to the challenges outlined above involves
the use of earth-abundant, first-row transition met-

als supported by ligands that possess redox reactivity.
While first-row transition metals typically undergo one-
electron redox changes, the coordination of redox active
ligands to first-row transition metals permits the storage
of extra electrons on the metal complex without the
need to access energetically unfavorable metal oxidation
states. The lower energy input is expected to directly
translate to more efficient catalysts for the reductive
coupling of carbonyl compounds and the reduction of
highly oxygenated substrates.

To this end, a series of six redox active ligands and the
corresponding divalent first-row transition metal com-
plexes (V, Cr, Mn, Fe, Co, Ni, Cu, Zn) have already been
synthesized. The spectral, structural, and electrochemi-
cal characterizations of these compounds are now cur-
rently underway. Spectral and structural data not only
will reveal the identity of these compounds but also will
validate electronic structure calculations. The electro-
chemical studies will not only guide subsequent syn-
thetic efforts towards the one-, two-, and three-electron
reduction congeners but will identify stoichiometric
reaction conditions that facilitate carbon-carbon bond
coupling and reduction of highly oxygenated substrates.
Finally, once promising transformations are found,
catalytic reactions will be developed and the responsible
mechanisms evaluated with regard to both kinetics and
thermodynamics.
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Future Work

We will continue to develop synthetic routes towards new
redox active metal complexes. As alluded to in the progress
section, we have already prepared a series of divalent first-
row transition metal complexes. Physical characterization
of these molecules is presently underway. The spectral and
structural characteristics of these molecules will be used in
conjunction with electronic structure calculations to evalu-
ate their potential in promoting chemistries of interest.
The use of electrochemistry will not only guide subsequent
synthetic efforts towards one-, two-, and three-electron
reduction congeners, but will also be useful in identifying
stoichiometric reaction conditions that facilitate carbon-
carbon bond coupling and the reduction of highly oxygen-
ated substrates. Finally, once promising transformations
are found, catalytic reactions will be developed and the
responsible mechanisms evaluated with regard to both
kinetic and thermodynamic considerations.

Conclusion

The goal of the project is the synthesis of molecules
suitable as fuels from readily available and sustainable
molecules such as carbon dioxide (CO2), acetic acid, and
glycerol. This has the potential to convert biorenewable
and abundant molecules into molecules with potential use
as hydrocarbon fuels.
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Introduction

The main focus of this project is to develop synthetic
strategies for making triarylamine-based nano-graphene
(TAA-NG), a small piece of graphene with well-defined
molecular structure. NG with flexible alkyl chains at-
tached to the periphery of NG renders solubility in
organic solvents and allows self-assembly of NGs with
phase separation into nanoscaled morphology in com-
posite materials. More importantly, the incorporation
of heteroatoms such as triarylamine (TAA) into the
graphene frameworks leads to a triangular shape and
charge transfer characteristics, which, to the best of our
knowledge, have never been attempted. The challenge
of this project lies in the fact that the organic synthetic
scheme for TAA-NG requires more than 20 steps. This is
a costly and time-consuming process. Although synthe-
sis of simple NGs have been demonstrated, synthesis of
TAA-NG remains a challenge and the final yield of this
compound may be low, which could impede us from
developing applications using this materials. Therefore,
our challenges are not only in the synthesis of TAA-NG,
but also in finding ways to increase the yield of the final
product.

We expect the as-prepared TAA-NG will reveal fine-
tuned optoelectronic properties tailored for the applica-
tions in electrochromic, memory device, LED, photovol-
taic cell, fuel cell, lithium battery, and super-capacitor.
Success in demonstrating derivatized NGs in the above
devices could have intellectual property value and war-
rants publications in high impact journals.

Benefit to National Security Missions

This project aims at developing nanographenes with
tunable electronic structures and optical properties. The
integration of functional NGs into clean energy technolo-
gies could bridge the gap between basic research and
commercialization of graphene based energy devices.
Further developing NG-based materials will strengthen

our leadership role in NG research, which has strong ties
to laboratory mission in the areas of exotic materials and
energy security.

Progress

We propose a bottom-up organic synthesis approach

to create organosoluble, functional graphenes with
well-defined molecular structure, spanning sizes from
benzene molecule to nanographenes. The novel nanog-
raphenes have been synthesized by FeCl3-assisted
oxidation cyclization of the hexaphenylbenzene-based
triarylamine derived from triphenylamine by subse-
guent stepwise iodination, Sonogashira coupling, and
Diels-Alder cycloaddition. Branched alkyl side chains

are attached to render solubility in organic solvents for
further chemical reactions. The synthesized triarylamine
is called nanographene consisting of three flakes, each
flake consists of 13 fused benzene rings with a dihedral
angle of around 109.5 degrees between them. The cova-
lently triarylamine-attached nanographenes have been
confirmed by X-ray, SEM, TEM, NMR, MALDI-TOF MS,
and IR spectroscopy.

These nanographenes with strong donor-acceptor na-
ture have revealed great promises for organic electronics
and their optical and electronic properties. Of particular
interest is the optical properties as they exhibit blue

and yellow emission before and after fusion of benzene
rings, respectively. These results validate an extended
conjugation upon fusion of benzene rings through oxida-
tion reaction using FeCl3. These nanographenes also
self-assembled into higher ordered crystalline structure
with controlled d-spacing from 3.5 to 4.36 Angstrom.
Such precise control of d-spacing in nanographenes has
never been demonstrated.

These as-synthesized nanographenes have been incor-
porated into the anode in lithium ion batteries, exhibit-

ing superior charge capacity and charging-recharging
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cycle stability. The decay of charge capacitance is less than
30% and the battery performance remains stable for more
than three months. In contrast to our nanographenes, the
graphene oxide (GO) and RGO have a capacitance decay
for more than 70 percent in 30 cycles. Therefore, nanogra-
phenes have emerged as one of the most exciting battery
anode materials. We will continue to explore various
nanographene structures and try to establish structure-
property relationships between nanographene structure
and Li ion battery performance.

Future Work

In the next fiscal year, we will focus on the synthesis of het-
eroatom (N, or B) doped nano-graphenes through a newly
designed synthetic route. Such synthesis includes Curtis
rearrangement, Sonogashira coupling, Suzuki coupling,
Diels-Alder cycloaddition, and Ullmann reactions. The
molecular structures and crystallinity of these nitrogen/
boron doped nanographenes will be characterized by X-ray
diffraction, scanning electron microscopy, scanning tunnel-
ing microscopy, atomic force micrscopy, MALDI-TOF Mass
spectroscopy, infrared spectroscopy and nuclear magnetic
resonance spectroscopy. Electronic and optical properties
of these nitrogen doped nanographene will be determined
by UV-Vis spectrometer and fluorescence spectrometer.
We will measure the redox potentials of these nanogra-
phenes by cyclic voltametry, coupled with the absorbance
spectra to construct the band diagram of nanographenes.
The incorporation of nitrogen/boron in the nanographene
is expected to increase the incorporation of metal atoms
and rate of diffusion. Therefore, we will incorporate these
nitrogen-doped nanographenes as part of anode material
in lithium ion battery (LIB) and evaluate the performance
characteristics in terms of capacity, stability through hun-
dreds of charging-recharging cycles. We will also evaluate
the use of these novel nanographenes as new electrochro-
mic material, and demonstrate the use of these materials
for memory devices.

Conclusion

We expect to achieve synthesis of processable nano-gra-
phene. Our proposed synthesis promises ways to control
NGs with size-dependent band gap, optical absorptivity,
and charge transfer functionality. Success of this project is
likely to generate a new class of materials with emergent
functionality previously not accessible through fabrica-
tion methods. The integration of functional NGs into clean
energy technologies could bridge the gap between basic
research and commercialization of graphene based en-
ergy devices. Further developing NG-based materials will
strengthen our leadership role in NG research, which has
strong ties to laboratory mission in the areas of exotic ma-

terials and energy security.
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Introduction

Boiling multiphase flows are ubiquitous in nature as well
as in many industrial applications. Nucleate boiling, a
well-known boiling phenomenon, has been recognized
as one of the most effective heat transfer modes and
used in a wide field of high-tech devices and systems
such as nuclear reactors, heavy-vehicle engines, comput-
er chips, and micro-electronic devices. However, despite
years of tremendous research effort, many aspects of
boiling are still not well understood, e.g., the physical
mechanism causing the critical heat flux is not revealed.
Novel methods are highly demanded for a better under-
standing of boiling multiphase flows. In the past years,
the mesoscopic lattice Boltzmann (LB) method has been
developed into an alternative approach for simulat-

ing multiphase flows, in which the interfaces can arise,
deform, and migrate naturally as a result of particle
interactions, without needing a cluster of marker points
to track the interfaces or capturing the interfaces via the
evolution of an order parameter. In this project, we will
develop a novel, physics-based thermal LB model for
modeling boiling multiphase flows to obtain new insights
into the mechanisms of boiling heat transfer. We plan

to approach the target in three stages by: (I) develop-
ing a novel thermal LB model for multiphase fluids with
phase change, capable of treating large density ratios
and a wide range of temperature variations, which is not
achievable with existing models; () investigating boiling
multiphase flows at the macroscale level, focusing on
the topics of bubble formation with different wall prop-
erties, changes of flow patterns, the mechanism of the
critical heat flux, as well as boiling flow in a rod-bundle
geometry, which is the situation of important interest

in nuclear reactors; (1) investigating the mechanism of
boiling heat transfer in microchannels, focusing on key
issues of the effect of surface tension, contact angle, and
micro-structured surfaces.

Benefit to National Security Missions

The successful accomplishment of the proposed re-
search will provide (1) an improved understanding of
boiling phenomena, e.g., new insights into the physics of
critical heat flux at different scales through mesoscopic
modeling based on statistical-analysis and (2) an innova-
tive technique, which can be coupled with molecular
dynamics simulations and continuum models, leading
to multi-scale modeling of thermal multiphase flows.
The proposed work supports physics-based prediction
models of departure from nucleate boiling, one of the
grand challenge problems of the DOE Consortium for
Advanced Simulation of Light Water Reactors (CASL).
The approach will also have significant implications in
other research areas including spray cooling, nucleate
boiling heat transfer of nanofluids, and cooling of micro-
electronic devices. It will support LANL Grand Challenge
to develop transformative new energy technologies and
to significantly enhance and extend the use of current
technologies in a manner that is sustainable and that
mitigates negative environmental, social, and national
security impacts. It will also support DOE’s goals in pro-
moting energy security.

Progress

At the time of this report, the Director’s Postdoctoral
Fellow, Dr. Qing Li is expected to join the Laboratory in
July, 2014.

Future Work

The overarching goal of this project is to develop a novel,
physics-based thermal lattice Boltzmann (LB) model for
modeling boiling multiphase flows to obtain new insights
into the mechanisms of boiling heat transfer. We plan

to approach the target in three stages by: () develop-

ing a novel thermal LB model for multiphase fluids with
phase change, capable of treating large density ratios
and a wide range of temperature variations, which is not
achievable with existing models; (Il) investigating boiling
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multiphase flows at the macroscale level, focusing on the
topics of bubble formation with different wall properties,
changes of flow patterns, the mechanism of the critical
heat flux, as well as boiling flow in a rod-bundle geometry,
which is the situation of important interest in nuclear reac-
tors; (Ill) investigating the mechanism of boiling heat trans-
fer in microchannels, focusing on key issues of the effect of
surface tension, contact angle, and micro-structured sur-
faces. In the next fiscal year, we will focus on stage 1. We
will build upon our extensive expertise in the theory and
applications of the interparticle potential multiphase LB
model, as well as our experience with large-scale parallel
computing. Specifically, we will implement physics-based
equation of state into the multiphase LB model to enable
the simulation of multiphase flow with large density ratio
between the liquid and gas phase, representative of nucle-
ate boiling phenomenon. We plan to publish 2-3 journal
articles in the novel model and its numerical implementa-
tion on a computer.

Conclusion

The primary goal of this research is to develop a novel
thermal lattice Boltzmann model for modeling boiling mul-
tiphase flows to obtain new insights into the mechanisms
of boiling heat transfer. The successful accomplishment of
the project will provide an improved understanding of boil-
ing phenomena and an innovative mesoscopic technique.
This project supports physics-based prediction of depar-
ture from nucleate boiling, one grand challenge problem
of the DOE Consortium for Advanced Simulation of Light
Water Reactors. The approach will also have significant im-
plications in other research areas including spray cooling,
nucleate boiling heat transfer of nanofluids, and cooling of
micro-electronic devices.

Publications

Li, Q., K. Luo, Q. Kang, and Q. Chen. Contact angles in
the pseudopotential lattice Boltzmann modeling of
wetting. To appear in Physical Review E.
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Introduction

Contrary to ketones, limited progress in the hydrogena-
tion of less-electrophilic esters has been made during
the last few decades. Industrial homogeneous reduction
of esters still relies mostly on the use of metal hydride
reagents such as LiAlH4 or NaBH4. Using these reagents,
hydrogenation selectivities cannot be controlled and
such spent (waste) reductants require energetically
intensive regeneration input or disposal. Also the use of
heterogeneous catalysis dictates the use of high tem-
peratures and pressures and again selectivities cannot
be controlled.

No reports describe detailed enantioselective ester
hydrogenation despite the tremendous potential for syn-
thetic organic chemistry. Current “state-of-the-art” ca-
talysis in this area of chemistry has required complicated
multi-step ligand synthesis as well and these ligands
once synthesized often exhibit air-sensitivity. This work
will thus focus on developing new well-defined chiral
bifunctional molecular catalysts incorporating air-stable
ligands for the enantioselective hydrogenations of esters
via dynamic kinetic resolution.

Benefit to National Security Missions
Success in this chemistry could have significant positive
impact for LANL, vis-a-vis the application of new ap-
proaches to polymers and materials synthesis, in energy
applications, and in health related (e.g. pharmaceutical)
R&D. This work if successful will potentially lead to high
profile publications (Angew. Chemie., JACS, etc. ) for the
Laboratory and will place LANL at the forefront of this
developing area of chemistry.

Progress

In contrast to ketones, limited progress has been
achieved with respect to the hydrogenation of carboxylic
(anhydride, imide, ester, carboxylic acid, carboxamide)
and carbonic (carbonate, carbamate, urea) acid deriva-

tives, despite the tremendous potential for synthetic
organic chemistry and industrial applications. Reduc-
tion of these less electrophilic carbonyl compounds (for
example to manufacture alcohols or amines) still relies
mostly on heterogeneous hydrogenation catalysts op-
erating under very harsh reaction conditions (for esters,
for example 140-210 atm hydrogen pressure, 200-300
°C) or the stoichiometric use of metal hydride reagents,
such as LiAlH4, NaBH4, and their derivatives. The later
have poor compatibility with functional groups, and are
atom uneconomical due to waste generation. During the
past decade, significant and rapid progress in (particu-
larly) ester molecular hydrogen hydrogenation has been
achieved by utilization of conceptually new bifunctional
molecular catalysts originating from the metal-ligand
cooperation effects.

The aim of our work is to develop novel ligands and their
corresponding transition metal complexes that will be
used as novel catalysts for the catalytic hydrogenation of
carboxylic and carbonic acid derivatives. In this regard,
we have prepared a series of novel and new multiden-
tate achiral ligands as well as chiral ligands from readily
available, cheap commercial precursors. In contrast to
traditional phosphorus containing ligands that are widely
used in the area of catalytic homogeneous hydrogena-
tion and have been significantly commercialized for the
last two decades, many of our ligands are air-stable. We
believe that our novel ligand scaffolds will open up new
possibilities in bifunctional molecular catalysis.Using a
number of these ligands, we have also prepared and
structurally characterized a series of well-defined metal
complexes and have begun to explore the hydrogenation
characteristics of these molecules.

Recently we filed a provisional patent related to this
work (“Ligands and Complexes for Catalytic Hydrogena-
tion of Carboxylic and Carbonic Acid Derivatives”, US
Provisional Patent Application No. 62/009,483, filed June
9th, 2014).

243



Future Work

We will incorporate newly developed and synthesized
air-stable chiral ligands onto metals such as Cu in order to
perform catalytic asymmetric ketone hydrogenation. These
new well-defined robust Cu complexes can potentially be
used in other important asymmetric transformations as
well, (e.g hydrosilylations, hydroborations, transfer hydro-
genations, allylic substitutions, Michael additions, Henry
reactions, etc.), so if time permits we will examine some of
these reaction as well.

Conclusion

In addition to the environmentally benign processes
outlined above, our goals will go further: currently, the
ruthenium (Ru) catalyzed asymmetric hydrogenation of
ketones (R. Noyori, Nobel Prize 2001) is the main route to
produce optically active secondary alcohols. The utilization
of expensive Ru catalysts however is unattractive in terms
of cost. It is envisioned that if the enantioselective hydro-
genation of ketones could be catalyzed by less-expensive
base metal complexes. We will incorporate newly devel-
oped and synthesized air-stable chiral ligands onto cheap
metals such as copper in order to perform catalytic asym-
metric ketone hydrogenation.
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Introduction

As the need to develop a closed nuclear fuel cycle grows,
there are a number of technological challenges that
need to be overcome. One of the most difficult chal-
lenges is the separation of the minor actinides (Am3+
and Cm3+) from the trivalent lanthanide fission products
as they share many physical properties. A number of
studies have shown that this separation is possible by
employing soft ligands (such as those containing S or

N donors), which preferentially bind the actinides (An)
over the lanthanides (Ln). One particularly promising
extractant is the SCN1- anion that provides enhanced
separation of An over Ln. Although little is understood
about why the SCN1- extractant is successful, it seems
likely to be associated with the propensity of NCS1- to
form more covalent An—NCS vs Ln—NCS bonds. We
propose to characterize the M—NCS interactions by syn-
thesizing An(NCS)xy- (An = Pu, Am, Cm) complexes and
subsequently analyzing the An(NCS)xy- compounds using
ligand K-edge X-ray absorption spectroscopy (XAS) and
DFT calculations.

Benefit to National Security Missions

This investigation will develop a fundamental under-
standing of bonding for plutonium and the other
actinide elements. The results will be applied to DOE’s
efforts to design practical and efficient separations of the
lanthanides and minor actinides. Moreover, the research
will provide discrete probes for quantifying covalency
that will be used in future efforts to analyze strategi-
cally important actinide materials and aid the DOE in

its mission to support the national nuclear agenda that
includes expanding nuclear power for energy security,
preventing the spread of nuclear weapons, securing nu-
clear materials against theft, reducing the size of nuclear
arsenals, and cleaning up the legacy of the Cold War.

Progress
At the time of this report, the postdoc was recently hired
at the Laboratory.

Future Work

Work in FY15 will focus on developing a synthetic route
to trivalent f-block SCN1- complexes, and (b) establishing
the bonding character of these complexes through mul-
tiple spectroscopic and theoretical techniques, primarily
S, N, and C K-edge XAS and TDDFT.

Conclusion

Completion of this work will mark the first synthesis

of trivalent An3+(NCS)xy- compounds and the first
transplutonium S, N, and C K-edge XAS experiments.
Developing an understanding of the bonding in these
complexes will shed light on both the differences in Ln/
An—NCS interactions and highlight how An—NCS bonding
varies as the 5f series is traversed from Pu to Cm.

245



Information Science
& Technology




Information Science & Technology

Directed Research
Continuing Project

Disruptive Innovation in Numerical Hydrodynamics

Jacob I. Waltz
20130005DR

Introduction

This project researches and develops innovative ap-
proaches for the numerical modeling of high-speed
material flows that leverage emerging computer archi-
tectures and are applicable to a wide range of scientific
and national security problems. The technologies under
consideration are designed to enhance fidelity and
computational efficiency relative to existing methods,
especially in the areas of vorticity, time accuracy, and
thermodynamic consistency. The specific focus is high-
fidelity three-dimensional algorithms that have not been
previously applied to LANL and NNSA problems but have
significant potential should they be successfully devel-
oped.

In addition to the above this project is investigating ap-
proaches for emerging computer architectures such as
the Graphics Processing Unit (GPU). Effective use of this
computer hardware requires a large shift in both the
design of numerical algorithms and the use of simula-
tion tools. The research performed under this project

is intended to address both issues and thereby create a
path forward for emerging architectures and Exascale
concepts, for example by emphasizing accuracy over
memory.

The development of transformative numerical algo-
rithms that are simultaneously optimized for new
computer architectures carries significant technical risk,
but if successful will enable a dramatic leap forward in
predictive simulation capability.

Benefit to National Security Missions

We expect our research to lead to orders of magnitude
improvements in fidelity and computational efficiency
for work related to NNSA Defense Programs, Non-
proliferation, and Science Campaigns. The impacts of
these improvements will include faster responses to
programmatic questions; increased population sizes for

Uncertainty Quantification and other sensitivity studies;
greater detail in discovery-scale simulations; and an en-
hanced ability to model realistic 3D features. Our work
will also enable the use of commodity mesh generation
software, which could lead to cost savings of several
million dollars per year, and reduce problem setup time.
Lastly, our work will allow future compute platforms to
be used earlier and more effectively.

Future Mission: The jump in simulation capability that
results from our research will enable the solution of
entirely new classes of problems and therefore has the
potential to significantly expand the scope of the Labo-
ratory’s simulation tools. New application areas might
include design of blast mitigation structures for urban
environments, energetic disablement calculations of
Improvised Explosive Devices, anti-personnel and anti-
structural analysis, and high-resolution studies of mix
and ignition in Inertial Confinement Fusion targets.

Progress

During the past 12 months the project made impor-
tant breakthroughs related to Lagrangian and arbitrary
Lagrangian-Eulerian hydrodynamic algorithms. Spe-
cifically, a fundamental error in traditional Lagrangian
hydrodynamic algorithms was discovered. After in-depth
theoretical analysis, new algorithms which are free of
this error were developed, implemented, and tested.
Two peer-reviewed journal articles describing the new
algorithms were submitted; one is in press and the sec-
ond is under review.

Journal articles on arbitrary Lagrangian-Eulerian hydro-
dynamics, efficienct use of computer hardware, and in-
novative test problems also were published or submitted
during the past 12 months. A total of four conference
presentations were given along with one invited presen-
tation at a high-level internal review.
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The project made significant progress towards its major
FY14 goal involving domain-decomposed parallelism. This
work is expected to be completed around the end of the
FY, and associated documentation will be produced in
FY15. The project also completed preliminary work in sup-
port of its major FY15 goal involving multi-material simula-
tion capabilities.

Future Work

The major 2015 milestone for this project is to demon-
strate multi-material simulations with strength, including
convergence analysis, comparison to experiment, and tim-
ing studies.

This work will be documented with journal papers, internal
reports, and/or presentations at technical conferences.

Conclusion

The goal of this project is to develop innovative approach-
es for the numerical modeling of high-speed material flows
that leverage emerging computer architectures and will
form the basis of next-generation simulation tools. The
impacts of this work will include significant enhancements
in simulation detail and accuracy; reduced uncertainty in
simulation-based responses to programmatic issues; ad-
vances in scientific understanding in the broader numerical
modeling community; and increased diversity in the suite
of methods that are trusted for LANL and NNSA problems.
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Introduction

Scientists and intelligence analysts are very good at un-
derstanding and exploiting the specialized datasets with
which they work; the problem is that there is too much
of this data for them to look at. Data processing tools
help to clean up, filter and identify the most relevant
subsets of data, but recent developments in machine
learning have indicated that there is a grand opportunity
to dramatically enhance the efficiency and accuracy of
this process, by involving the user in a more interactive
dialog.

Traditional machine learning employs a fixed set of
labels, supplied up-front by the user, to optimize data
processing tools before they are applied to a larger
dataset or data archive. This approach has proven suc-
cessful both in theory (rigorous proofs) and in practice
(commercial applications). Machine learning with user
intelligence pushes the state of the art in two directions.

From up-front learning to interactive learning
Traditional machine learning tools stop when the human
steps in. This means the expert is still the bottleneck in
data exploitation: spending too much time in tedious
and repetitive post-processing tasks and not enough
time on validation and research. Machine learning with
user intelligence starts when the human steps in, and
tools are a force multiplier, where the user’s intelligence
is the force to be multiplied, not an expense to be mini-
mized.

From label learning to relational learning

Machine learning with user intelligence formalizes the
interactive dialog with relational objects, stated in terms
of motifs, clusters, alignments, matches and other gen-
eralizations of standard labels. By providing additional
interface “bandwidth” between the domain expert and
the data processing tool (and thus creating a better
expression of the dialog in terms of graphical models),
higher quality associations are produced, and more ef-

fective tools can be built.

Benefit to National Security Missions

This project empowers scientists and defense analysts to
exploit specialized data in less time, and with greater ac-
curacy, both by automating tedious and repetitive tasks
and by enabling them to focus on validation and higher-
level objectives. This general capability will be valuable
to a large number of government agencies and missions.
This project will also develop specific tools for (at least)
two LANL applications:

Nuclear Material Forensics

Experts draw upon a vast understanding of the nuclear
fuel cycle to quantify spectroscopy images, but they
spend weeks each year manually correcting tool esti-
mates of particle and grain boundaries. This project’s
image quantification advances will be valuable to DOE,
DHS, and DOD.

Cyber-security

Analysts draw upon a deep understanding of the com-
puter network as well as attacker behavior to determine
if anomalous network traffic requires further investiga-
tion. However there is simply too many anomalies for
analysts to perform even the most cursory triage. This
project’s cyber-security tools will be valuable to DOE,
DHS and DOD, in particular for the protection of the
NNSA complex itself.

Progress

In March of this year we hosted a mini-workshop on
Interactive Machine Learning as part of the project ap-
praisal. The two day event attracted 8 external speakers
from industry (Google, Microsoft Research), academia
(Caltech, Cornell, CMU, Indiana and UCSC) and govern-
ment (JPL) who are at the forefront of Interactive Ma-
chine Learning. All participants were engaged, and we
believe the event was productive and successful. Spe-
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cifically, it helped our team develop a new collaboration
with Indiana University in the area of Interactive Relational
Learning. We are hosting an Indiana University PhD stu-
dent in this area over the summer, and he is helping apply
Indiana’s expertise in these methods to LANL applications.

In other work, progress continued along the two main
technical thrusts that we articulated in our roadmap /
review article on Interactive Machine Learning that was
published at the start of this year. We call the first thrust
the ‘Training Dialog’, and it moves us from up-front learn-
ing to interactive learning (as described in the project
description). Progress included:

e We presented our experiments comparing ‘user-in-
the-loop’ training to traditional batch learning at the
Visualization and Data Analysis Conference (VDA-
2014), and received a Best Paper award. An extended
version of this paper is in preparation for the Journal of
Information Visualization.

e We developed a framework for Matched Pair machine
learning that can potentially expand the range of tools
and applications for Interactive Machine Learning and
showed that in a plume detection application learning
in the deployed environment outperformed learning
offline.

e We also derived and implemented a set of learning
methods, which unlike popular methods, solve super-
vised classification, robust (min-max) classification,
Neyman-Pearson detection, anomaly detection and
hemi-supervised classification with the same time
and memory complexity. We used these methods to
develop a hemi-supervised Neyman-Pearson detector
to find encrypted chat traffic in cyber network traf-
fic. The resulting detectors significantly outperformed
traditional signature based detectors on real computer
network traffic. In the next year we plan to use these
methods within a prototype interface we have devel-
oped with the LANL Cyber-security team for user-in-
the-loop triage of network traffic anomalies.

We call the second thrust the ‘Training Vocabulary, and
it moves us from label learning to relational learning (as
described in the project description). Progress included:

e We developed a new mechanism to incorporate expert
knowledge into Bayesian network structure learning
algorithms. This was presented at the Los Alamos Post-
doc Research Day and received a Best Poster Award.

e We developed a new graph-based optimization tech-
nique for finding optimal epitope coverage in aligned
sequences, and presented it at the Conference on Data
Analysis, where we also received a Best Poster Award.

e We continued to develop theory and algorithms for
the interactive image quantification prototype. We
identified and formalized the interactions of most in-
terest, which we call Semantic Interactions and they in-
clude: Labeling, Grouping, Ungrouping and Matching.
We extended our learning to merge (group) algorithms
from Year 1 into two new algorithms that enable us
to learn from Labeling and Ungrouping. We call these
algorithms Deep Max Min Networks and Deep Seg-
mentation Networks respectively. Initial results were
presented at our March workshop and publications
are in preparation. We also recently made a new con-
nection between supervised classification and perfect
matchings which may help us develop new methods
for the ‘Matching Interaction’.

e We also continued to make theoretical advances on
Loopy Belief Propagation algorithms. Specifically we
developed a Bootstrap Belief Propagation method that
is exact for perfect matchings on bipartite graphs, and
bounded for more general graphs.

e We also applied Loopy Belief Propagation to a number
of image problems relevant to the Labeling interac-
tions, and compared its performance to a number
of other approximate inference methods including
Pseudo-Likelihood and Mean-Field approaches.

Building on the LDRD we secured new projects from DHS
DNDO and the Intelligence Community. Both of these
projects involve specialized analysts (in the DNDO project,
chemists and microscopists, and in the IC project, non-
proliferation and arms control experts). The methods we
are developing for interactive image quantification and
interactive network alarm triage are directly applicable to
the DNDO and IC analysts respectively, and we are identify-
ing opportunities to develop these programs further.

Future Work

Task: Develop methods for structured output prediction.
Goal: Efficient and general purpose learning algorithms to
support increased user interaction.

Task: Develop interactive learning strategies for Graphical
Models.

Goal: Algorithms that are robust to missing data and/or
limited training examples.

Task: Identify and develop efficient strategies for combin-
ing inference and learning.

Goal: A better understanding of the accuracy and robust-
ness of interactive learning with graphical models.
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Task: Implement initial tools for image quantification and
cyber-security applications.

Goal: Software that domain experts can use on practical
datasets and an experimental platform for the project.

Task: Develop synthetic and benchmark experimental
frameworks for interactive learning.

Goal: An ability to evaluate the accuracy and utility of tools
for practical applications at various levels of interaction.

Conclusion

Our goal is to provide a general framework for data pro-
cessing tools that directly targets the post-processing
bottleneck. We emphasize graphical models in this devel-
opment, as these provide a balance of rigor and flexibil-
ity on the learning front and domain adaptability on the
interactivity front. An additional goal is to develop new
tools, optimized for specific applications in nuclear mate-
rial forensics and cyber-security, where there is a critical
need to make data exploitation more accurate and more
efficient.
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Introduction

The goal of this project is accelerated materials discov-
ery by advancing the state-of-the art statistical inference
and optimization tools to find materials with desired or
targeted properties. This data-centric approach nar-
rows the possible search space for improved prediction
by teasing out hidden information that is present in

the data for known materials. Until very recently, new
materials have almost exclusively been discovered by
intuition and costly trial and error. However, literally
overnight the use of simple statistical inference tools is
just starting to define the new field of materials infor-
matics. Our key innovation is an integrated design loop

- an excellent example of the paradigm of codesign.

It is a departure in how to think about the problem of
Materials Discovery by using sophisticated information
theoretic tools developed in various contexts including
pattern recognition, operations research, bioinformatics,
but applying them in a unique way to materials sci-
ence issues. As an example, we will focus on the class of
functional materials known as piezoelectrics. These are
materials which produce a large strain if an electric field
is applied, or a large polarization if stress is applied. The
need is to find materials with a large response and high
working temperatures. Such materials have numerous
applications, from energy harvesting devices to sensors,
and N. America has been gradually and continuously
losing market share in these markets. These predomi-
nantly lead based compounds are now banned in many
parts of Europe. Our objective will be to search for new
lead free piezoelectrics. However, the paradigm we will
develop will also be applicable to other materials classes
with their own targeted properties, and where possible,
we will examine within this project other related materi-
als classes.

Benefit to National Security Missions
Accelerated materials discovery is of strategic impor-
tance and relevance to DOE/SC initiatives. Moreover,

the development of information science predictive

tools to enable accelerated materials discovery is also a
fundamental aspect of innovation in the above agencies.
These tools are based on machine learning methods and
are widely applicable to fields such as pattern recogni-
tion, statistical analysis and operation research, areas
that are also of interest to these agencies. Our focus in
this proposal is to demonstrate the new capability on
the class of materials known as piezoelectrics and other
functional materials. These are of interest to DOE/SC as
they find applications as sensors and energy harvesting
devices. More broadly, we will pioneer a new approach
to materials discovery using information science predic-
tive tools that will impact all missions that depend on
materials, including the weapons program. The design
loop we propose is also an example of the paradigm of
codesign (which is gaining greater traction within DOE,
for example,) - where learning a “model” is performed
iteratively guided by experiments and computer calcula-
tions, which in turn are guided by statistical analysis.

Progress

The project, initiated 10/1/14, is an interdisciplinary
project with IS&T and materials aspects. The key ele-
ments are to demonstrate materials design by using
materials data on complementary materials where
available, by performing experiments and calculations as
part of the design and data acquisition strategy and, and
by using and developing information science tools. We
consider these aspects below.

Information Science

Previous analysis of materials data, e.g. for piezoelec-
trics, did not take into account uncertainities in predic-
tions. By using bootstrap methods from the statistical
sciences, we have not only validated previous findings,
but have improved predictions of transition tempera-
tures that agree much better with experimental findings.
The merit of this work is that it emphasizes the impor-
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tance of uncertainty quantification in materials design —an
aspect largely ignored.

We used machine learning tools, such as support vector
regression, for the first time on extensive materials data on
perovksite compounds. Over the years, a structural stabil-
ity map has been proposed by physicists to predict a priori
whether a new compound will be stable or not. Such a
classification, with hand-drawn boundaries between com-
pounds, does not provide any idea of out-of-sample errors,
a key yard-stick for determining how predictive a model
can be. Our machine learning analysis, using cross valida-
tion, not only reproduces the existing classification but also
predicts out-of-sample errors. We are also able to show
how other features or descriptors of the data (that have
not so far been considered by others) can also successfully
classify the same data.

Prompted by procedures used in genomics, we have
generalized a method for data visualization published by
Tsafrir el al. [Bioinformatics 21, 2301 (2005)] and applied
it to the datasets on hand. This method produces a visual
representation of the clustering among correlated materi-
als or features. The analyses shows that some features in
the data mask the ability of others to generate physically
natural clustering amongst the materials. This initial study
prompted us to explore new machine learning methods
called collective learning for feature reduction. These
methods have previously not been used in the sciences
and have the advantage of showing multi-relational ships
amongst the data and will provide us with a means to con-
struct prior probabilities for use in Bayesian analyses.

We have demonstrated a component of our proposal —
adaptive experimental design- by using the knowledge
gradient method to predict estimates of displacements for
many ions for which ab initio data is not available.

We have written a manuscript entitled “Optimal Bayes
Classification of stochastic dynamics”. Our classification ap-
proach goes beyond that of Dalton and Dougherty in that
we are not restricted to Gaussian Processes, we make a
connection with the well understand “Bayes decision func-
tion” approach and this sets the stage for applying Bayes-
ian techniques to materials data.

Materials Science

To discover new lead free piezoelectrics, we have formu-
lated a design strategy to use appropriate end components
of a solid-solution. These components need to be mixed

in specific volume fractions. The design space is therefore
large. We synthesized several bulk ceramic compounds
with varying fractions of components in order to build a

data base of 11 phase diagrams, and by down selecting
certain features, alearning model has been constructed
to make predictions on volume fractions of components
that will optimize the slope of the morphotropic phase
boundary (MPB) — a key design criterion as this is where
the property-piezoelectricity is a maximum. Three com-
pounds have been synthesized, based on our predictions,
and these compounds have measured characteristics
consistent with our model. It is remarkable that the model
is linear. Further experiments in the target window are
being performed. Ab initio calculations are also ongoing
to acquire data and identify key physics to feed into the
domain knowledge.

Ab initio calculations have been performed to down select
substrates and film compositions to fabricate and char-
acterize layered non lead piezoelectric systems. This will
drive experiments at MPA.

We have identified a new materials design system for fur-
ther study on which we can perform experiments and ab
initio work. This is the layered electrocaloric material sys-
tem important for energy applications— whereby a change
in temperature is obtained by applying an electrical field.

Future Work

The materials design problems we have so far established
in FY14, for bulk and layered materials, will be forcefully
pursued so that we continue to iterate between the syn-
thesis, characterization and machine learning tasks. The
bulk materials will use standard ceramic techniques and
the layered compounds will use pulsed laser deposition
techniques.

Abinitio calculations in bulk and on layered systems will
be performed as a means to not only integrate with our
defined materials systems and experiments, but also to
generate data towards using machine learning on calcula-
tion/synthetic data.

We will continue to apply and develop the machine learn-
ing approaches we are using on our materials data. It has
became apparent that there are significant challenges in
dealing with small materials data sets (where powerful
machine learning tools are not applicable), with appropri-
ate feature selection, and with applying materials domain
knowledge. To expand our data sets, we will explore the
idea of “semi-supervised learning”, whereby a small la-
beled data set can be augmented with a potentially much
larger *unlabeled* data set. The performance is better
than traditional learning approaches, but incorporation
of more materials domain knowledge will be important
to meet our overarching goals of targeted materials

255



discovery. We will also lay the foundations of a Bayesian
approach in materials science which will provide a robust
analysis tool for materials science.

Although we have executed only parts of our proposed
design loop so far in FY14, one of our goals will be to
exercise this loop using an extensive database that allows
for a large, virtual space of possible compounds with tar-
geted properties. We will use methods such as knowledge
gradient and its variations, which we have already begun
to refine.

Conclusion

If successful, we will establish a new paradigm for address-
ing complex optimization problems that include multiple
sources and choices to incorporate domain knowledge.
Further, we will have developed tools and algorithms to
deal with error estimation, with experimental design and
employing materials domain knowledge in machine learn-
ing. Our success will be measured by our discovery of new
materials with desired properties and greater insight into
the dominant mechanisms (structure-property relation-
ships) underlying materials phenomena. A main deliver-
able will be an Information Science & Technology based
materials discovery capability for accelerated materials
discovery.
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Introduction

Quantum mechanical Born-Oppenheimer molecular
dynamics (QMD) provides a highly powerful, but com-
putationally expensive, multidisciplinary tool to predict,
understand and design materials and processes directly
from the fundamental principles of quantum physics.
Merging QMD with future extreme-scale computing
therefore holds the promise of a major paradigm shift in
materials science, chemistry, and biology. Unfortunately,
this potentially revolutionary opportunity will never be
realized without a radical re-design of current approach-
es to QMD, overcoming a number of interconnected fun-
damental shortcomings. Based on several LANL-unique
innovations, including a conceptually new graph-based
approach to quantum mechanics, we propose a major
coordinated interdisciplinary effort to develop a truly
transformative computational framework for a new
generation QMD that is specifically tailored for extreme-
scale computing on heterogeneous architectures and
allows simulations for time and length scales that are
multiple orders of magnitude beyond current capacity.
A key element of the proposed work is the development
of a radical alternative to the traditional computational
algorithms that are unsuited to large-scale simulations.
Our new graph-based approach for solving the elec-
tronic structure problem will enable us to combine, for
the first time, high on-node computational efficiency
with massive parallelism for QMD simulations, includ-
ing on-the-fly interrogation of the electronic degrees of
freedom for visualization or quantum response proper-
ties. We will develop and demonstrate this capability on
two testbed applications (involving aspects of nuclear
fuels, and protein structures and dynamics) where clas-
sical MD methods are inadequate or fail, and where
QMD simulations have thus far been too expensive. This
unique computational capability will strengthen LANL's
leadership in numerous mainstream priority areas in
materials science, chemistry and biology, and it will have
a lasting multidisciplinary impact on diverse applications
that advance our missions.

Benefit to National Security Missions

This project will provide a new capability that will (a)
benefit our mainstream Laboratory missions in weapons
science and energy security by enabling the predictive
modeling of fundamentally quantum mechanical pro-
cesses occurring in energetic materials, nuclear fuels,
actinide chemistry, and fuel cells; and (b) provide a
competitive advantage to LANL as we target new oppor-
tunities in emerging areas such as the Materials Genome
Initiative, biofuels, and partnerships with industry. To
give one example, equations-of-state and opacities

in highly nonequilibrium conditions important to the
weapons mission rely increasingly on quantum mechani-
cal molecular dynamics simulations, but are constrained
by the small length and short time scales presently
accessible. A number of recent DOE workshops have
highlighted “the need to advance theoretical models of
physical and chemical objects and processes, and to de-
velop algorithms that effectively enable those models to
be simulated on modern computing systems”, in particu-
lar: 1) advancing the speed and accuracy for quantum
chemistry modeling on extreme-scale platforms, and

2) bridging length and time scales to enable seamless
multiscale chemical reactivity modeling.

Progress

Quantum-based models of interatomic bonding based
explicitly on electronic structure provide by far the

most accurate and reliable descriptions of molecules
and solids. Molecular dynamics (MD) is a powerful and
broadly applied atomistic simulation methodology, the
performance of which is dependent on the rapid com-
putation of interatomic forces. The project will unite
guantum-based models of interatomic bonding with
large-scale, long-duration MD simulations by slashing
the computational burden associated with the computa-
tion of interatomic forces in the former. The project is
on-track to fully meet or exceed all of its deliverables for
its first year.
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Our primary breakthroughs both involve the development
of new methods for reducing the complexity of electronic
structure calculations from cubic scaling with the number
of atoms, O(N3), to linear scaling, O(N). While we have
previously shown O(N) performance in Born-Oppenheimer
MD using sparse matrix algebra, our algorithm was limited
to execution on a single CPU core. A parallel and highly
efficient algorithm has been developed in sparse matrix
algebra that scales nearly ideally with the number of CPU
cores. We have also ported this code to graphics process-
ing units (GPUs) using Nvidia’s cuSPARSE library. A radically
new approach to parallelizing O(N) electronic structure
calculations in an MD simulation has also been developed.
This is based on a novel graph-based partitioning of the
workload that we believe will scale well on even the largest
computational platforms.

The graph-based partitioning of the density matrix con-
struction in electronic structure theory permits trivial
parallelism by identifying localized interactions between
atoms. In some respects it is a divide-and-conquer ap-
proach that avoids the pitfalls associated with a distance-
based cut-off on the range of matrix elements. Further-
more, we have developed mathematical proofs that our
new approach leads to small and controllable errors, unlike
traditional divide-and-conquer algorithms.

Our primary deliverable a software package, PROGRESS,
(Parallel, Rapid O(N) and Graph-based Recursive Electronic
Structure Solver) that in principle can be compiled into any
electronic structure code. The development of PROGRESS
is well underway and combines standalone code, code
implemented in LATTE, as well as algorithms for GPUs
based on Nvidia’s libraries or our own kernels in OpenCL.

The accelerated molecular dynamics (AMD) techniques
pioneered by Voter and co-workers require very rapid force
computations (< 0.1 s) and as a result the combination of
AMD with electronic structure theory has been a challeng-
ing goal. We have performed the first proof-of-principal
parallel replica AMD simulations of shock-induced chemi-
cal reactions using the LATTE code that included novel
methods for detecting the onset of chemistry. We have
also implemented three different thermostats in LATTE
(Langevin, Andersen, and Nose-Hoover) that enable us to
run trajectories in the canonical ensemble in which AMD is
usually performed. Here, the combination of thermostats
with fast, low-prefactor microcanonical extended Lagrang-
ian Born-Oppenheimer MD has now been developed and
demonstrated for the first time.

The LATTE code was extended to enable the use of tradi-
tional reciprocal space methods in the construction of the

density matrix. The use of k-space integration is required
in the development of a new atomistic model for uranium
dioxide - one of our test-bed applications for PROGRESS.
Access to k-space integration has also enabled us to de-
velop new methodologies for the parameterization of tight
binding models via matching electronic densities of states
to the results of first principles calculations. Most signifi-
cantly, this approach makes the automated, machine-
based optimization of interatomic potentials possible —an
area of research we are currently pursuing.

The application of quantum-based MD to biomolecular
systems is another test-bed for PROGRESS. Here we have
focused mainly on the DFTB+ code developed by Thomas
Frauenheim’s group in Germany. We found that semi-
empirical calculations of the electron density required for
the computation of X-ray diffraction patterns compared
very favorably with much more expensive first principles
calculations. We are working with Frauenheim’s group on
interfacing DFTB+ with PROGRESS to accelerate the perfor-
mance of this heavily used code.

Finally, a GRA is working with us on the development of a
novel scheme for switching between fast, zero electronic
temperature O(N) methods and finite electronic tempera-
ture algorithms on-the-fly in order ensure smooth and
continuous potential energy surfaces during the making
and breaking of covalent bonds. We are currently making
excellent progress toward this goal.

Future Work
Building on our progress during year 1, our tasks and goals
for year 2 include:

¢ The exploration, development, and proof-of-principle
application of schemes for the efficient partitioning of
computational work from a graph theoretical approach

e Application of accelerated MD to organic systems
(liquids and biological) based on both adaptive self-
consistent field calculations and parallelism

¢ Investigation of the utility of TB+U in obtaining good
electronic densities of states for actinide-based materi-
als.

¢ The continued development of the PROGRESS package
to multi-core and multi-node architectures, including
graphics processing units.

e The continued exploration of sparse matrix methods
on traditional architectures as well as graphics process-
ing units (via the cuSPARSE libraries)

e Further work on the computation of charge densities
from density functional tight binding for the simulation
of protein structures and associated X-ray diffraction
patterns.
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Conclusion

Our chief result will be a general, interdisciplinary, com-
putational capability that will enable us to analyze, under-
stand, predict and design materials and processes directly
from quantum theory, at time and length scales that are
multiple orders of magnitude beyond current capacity. This
will be delivered in the form of the portable and openly
available program package that can be used with a broad
class of electronic structure codes. The development will
be guided through two testbed application systems of
LANL mainstream mission relevance: 1) protein structures
and 2) nuclear fuels.
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Introduction

Network science research has been primarily focused
on the simplification of dynamic graphs to static graphs
and their topological characteristics. But processes on
networks such as the spread of a virus on a social net-
work, traversal through a cyber network, and cascading
failures in a power grid are critically dependent on the
dynamic nature of the underlying network.

These dynamic graphs are at the heart of technologi-

cal and scientific problems in electrical power grids.
Deployment of new technologies, such as renewable
generation and electric vehicles, is rapidly transforming
electrical power networks by coupling previously dis-
tinct spatiotemporal scales and challenging traditional
approaches for designing, analyzing, and operating
power grids. The interactions of spatiotemporal scales in
power systems are pushing the limits power engineering
best practices and we need to develop general complex
system models at the appropriate level of network detail
necessary to isolate and analyze the relevant static,
dynamic, and stochastic phenomena.

Computer networks are also inherently dynamic and
non-stationary. Capturing the dynamics of user activ-
ity through coarse-level and high-fidelity modeling is
critical to understanding normal activity and detection
of anomalous activity. Only recently has a network-wide
(graph theory) viewpoint been taken.

The CNLS brings a unique perspective in the integration
of interdisciplinary approaches and ideas to the subject
of network science. The CNLS has been a leader and
innovator in Information Science and Technology. In
particular the CNLS has helped provide new approaches
in theory and modeling of networks for more than 10
years. The CNLS has helped nucleate efforts at LANL for
applications of networks in neurocomputation, smart
grid, and cybersecurity.

Benefit to National Security Missions
Information Science and Technology is a Laboratory stra-
tegic pillar that touches a broad spectrum of science at
LANL from discovery science to pivotal program needs.
This proposal directly addresses Complex Networks
capabilities through the modeling of dynamic networks
and with applications to cybersecurity and power sys-
tems (“smart grids”’).

This proposal develops core information science and
technology capabilities needed to address the open
guestions of the Office of Electricity that intersect with
the scientific goals of DOE’s Office of Advanced Scien-
tific Computing Research (ASCR) Applied Mathematics
Program such as uncertainty quantification in complex
engineered networks.

This project will innovate with basic research supporting
LANL's internal cybersecurity programs and Global Secu-
rity programs. Effective cyber defense of the weapons
complex is essential to its security and effectiveness.

Progress

We studied random intersection graphs which are
random bipartite graphs projected onto one set of the
bi-partition. Such graphs capture the bipartite na-
ture of many real world networks, such as some cyber
networks, and social networks. Notably, they allow
the description of sparse random graphs with tunable
clustering, while at the same time are mathematically
tractable. Recent work in network science has explored
the “tree-like”” properties - such as hyperbolic geom-
etry, SkS-core decomposition, and tree decomposition
- of real world networks. We proved that the simplest
model of random intersection graphs has unbounded
hyperbolicty in the sense of Gromov.

We published the article by Garcia, Giani, Poolla “Par-
tial state estimation for electricity grids,” as part of the
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Decision and Control (CDC), 2013 IEEE 52nd Annual Con-
ference. Power system operators rely critically on state
estimation for verification, fault detection and localization,
and re-dispatch under contingency operations. In current
practice, power system data within a control area such

as voltages, phases, real and reactive power flows and
injections, are relayed to the operator using SCADA sys-
tems. We formulated the problem as an over-determined
weighted nonlinear least squares problem and used the
formulation to explore techniques to accelerate state esti-
mation. Our techniques, inspired by uncertainty quantifi-
cation methods, compute state estimates at a small subset
of buses using limited measurements from the power
subsystem of interest.

We developed algorithms for placement of phasor mea-
surement units to prevent unobservable attacks. This
work was presented in the lecture “Phasor Measurement
Unit Placement for Unobservable Attack Detection” at the
International Conference on Critical Infrastructure.

Using a partial differential equation model for the electrical
load flow, we have analyzed the induction motor dynamics
in a distribution feeder under the effect of a fault/distur-
bance. We have found that the steady state behavior of
the rather complex dynamics of inductor motor stalling

in a distribution feeder can be predicted with reasonable
accuracy at the end of a fault. This result could be used

to accurately estimate the critical fault clearing time to
avoid instability. This work was presented in a poster titled
“Critical Clearing Times and Simplified Models for Fault-
Induced Delayed Voltage Recovery.”

Future Work

For FY15 we will seek the following goals:

e Create comprehensive ODE/PDE models for power
systems that incorporate the different devices and
controls that are making inroads into electrical dis-
tribution networks, e.g., PV systems, electric vehicle
charging, and frequency responsive loads. The ODE/
PDEs approach will address the interaction of emer-
gent phenomena arising from the interaction of new
smart-grid components.

¢ Develop reduced-order stochastic models of the short-
term dynamics that are key to understanding power
outage cascades. We will develop new approximate
statistical methods to capture underlying interactions
and scale separations and seek effective parallel con-
trol algorithms to mitigate cascades.

We will model cybersecurity systems as dynamic networks
and seek to incorporate rich-data such as time-series

of observations of authentication, web-surfing, or file-
sharing. We will develop techniques including hierarchical
models to handle the statistics of the bursty network com-
munication patterns commonly observed.

Conclusion
We expect to develop research results with three interlock-
ing themes:

Dynamic Networks

Develop models and algorithms for temporal random
graphs; seek theorems for connectivity and reachability in
the models; and explore the range of possible temporal
correlation patterns.

Power Systems

Create comprehensive ODE/PDE models for power sys-
tems; develop reduced-order stochastic models of network
power-outage cascades; develop mathematical tools to
capture system energy and thermal states.

Cybersecurity

Model as dynamic networks; develop techniques including
hierarchical models to capture statistics of bursty network
communication patterns; create inference methods and fit
cyber authentication network data to the temporal ran-
dom graph models.
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Abstract

We developed a framework for hardware-software
codesign as a semi-formal optimization problem. While
the modeling framework is applicable to other problem
domains, we focused on accelerated molecular dynam-
ics (AMD) as an application that features the need for
computational scaling. We view codesign as search

and selection from a vast space of hardware and soft-
ware designs that map to performance metrics. The
objective function that we optimized for has as main
components run time (or computational rate), problem
size, and hardware cost. We define software designs

in a hierarchical fashion with the main hierarchy levels
of Application/Problem, Model/Equations, Algorithms,
and Software implementation, where changes to higher
levels are more fundamental than lower level changes
of, say, a specific data structure. The hardware architec-
ture is defined as a hierarchical set of components that
interact with each other and offer services to an appli-
cation through operating system and system software.
Our performance prediction methods model at different
levels of detail, thus covering the trade-off space of ac-
curacy vs. scalability in both time and size.

From our chosen applications domain perspective, our
results have brought within reach atomistic simulation
tools that enable the study of processes such as ductile
spall failure under shock conditions and the evolution of
radiation damage. Achieving this required a two order
of magnitude increase in simulated time over current
state-of-the art computing.

Background and Research Objectives

After many years of Moore’s Law processor speeds have
leveled out and advances in computational power are
now coming from massive parallelization, architectural
heterogeneity, and increasing programmer-level ar-
chitectural complexity. In almost every scientific field,
without radical modification of algorithms to adapt them
to the hardware, harnessing the full theoretical speed

of next-generation computers will be impossible. As a
specific example, consider the application focus of this
proposal, molecular dynamics (MD) methods, a standard
workhorse in materials science and many other fields.
Given the linear scaling of MD with respect to the num-
ber of atoms, system size and total simulation time can
in principle be traded for one another given a perfectly
scaling MD code. Using a traditional parallel MD code
based on spatial decomposition, i.e., where contiguous
groups of atoms are assigned to each processor, this
ideal scaling is compromised by two factors: first, for
very large numbers of atoms per node and hence short
simulation times, the total system size is limited by the
available memory; second, for small numbers of atoms
per node, the communication overhead required to pass
the position of the atoms across the interfaces between
domains severely limits the achievable simulation time.
For infrequent-event systems, which make occasional
transitions to a new state (e.g. the diffusive jump of

a vacancy in a solid), accelerated molecular dynamics
(AMD) methods developed at Los Alamos can be em-
ployed to reach longer time scales. The AMD methods,
which are described below, are typically most effective
for small systems of up to ~104 atoms. In the case of the
parallel-replica dynamics (ParRep) method, many repli-
cas of the entire system are evolved simultaneously and
independently, eliminating the need for inter-domain
communication except when a transition occurs. ParRep
gives exact state-to-state dynamics if it is implemented
carefully, and this re-casting of the work amounts to a
parallelization of time. The chief overhead in ParRep is
associated with the preparation of the new replicas after
each transition, so for a system with very infrequent
events, long-time simulations are possible

The severity of the problem facing us becomes obvi-
ous when we estimate the behavior of MD or ParRep
on an anticipated realization (in say 2020) of an exas-
cale machine with 108 processing cores (Fig. 1). The
increased memory will allow simulations up to ~1014
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atoms for ps time scales, and ParRep for very small systems
might reach second time scales if the events were very
infrequent (once per 10 ns for 1000 atoms), but essen-
tially no new territory is covered in the middle range. The
important regime of 106 to 109 atoms for microseconds

to milliseconds is still totally inaccessible, meaning we will
have no direct way to simulate processes such as ductile
spall failure, dislocation pileup and release at grain bound-
aries, or radiation damage annealing involving multiple
cascades, all of which are important materials science
problems and critical to the DOE mission. In short, if we
do not find a new paradigm for implementing MD methods
onto advanced computer architectures, critical problems

in materials science that could in principle be addressed in
a powerful way with MD or AMD will remain utterly out of
reach for the indefinite future. We believe the answer to
this problem lies in the development of a formal co-design
capability that optimizes hardware and software simulta-
neously.

Scientific Approach and Accomplishments
The scientific approach and accomplishments are best pre-
sented along the two major tasks : (i) building the Acceler-
ated Molecular Dynamics (AMD) simulator AMDSim and
(i) developing a detailed Profile-Parallelize-Predict (PPP)
approach for automatic parallelization.

We have developed the AMDSim code suite, consisting

of TADSim to simulate temperature accelerated dynam-

ics simulations, and ParRepSim to simulate parallel replica
dynamics simulations as well as several combinations and
extensions of these two basic methods, such as speculative
execution of transition branches, alternate variations of
checking for transitions, multiple high-temperature set-
tings.

The codes have been thoroughly tested and validated
against the real code using a metallic surface diffusion
system. The validation process took longer than we had
anticipated due to a few software errors but also due to
the physics of the studied system, which turned out to be
more complex than we expected. We developed a model
for the escape rates (e.g., a diffusive jump of an atom

on the surface) that includes an additional temperature
dependence to account for an-harmonicity. We also found
it was important to include a temperature dependence

in the number of steepest-descent iterations required to
detect transitions. With this more refined model of the
physics built into the TADSim code, a very satisfactory set
of validation results was obtained. After the validation
period, we started large parameter scans.

AMDSIim is the first member of a new class of tools called
application simulators, parameterized fast-running proxies

of large-scale scientific applications using parallel discrete
event simulation (PDES). Parameterized choices for the
algorithmic method and hardware options provide a rich
space for design exploration and allow us to quickly find
well-performing software-hardware combinations.

The TADSim simulator models the Temperature Acceler-
ated Dynamics (TAD) method, an algorithmically complex
and parameter-rich member of the Accelerated Molecular
Dynamics (AMD) family of molecular dynamics methods.
The essence of the TAD application is captured without
the computational expense and resource usage of the full
code. We accomplish this by identifying the time intensive
elements, quantifying algorithm steps in terms of those
elements, abstracting them out, and replacing them by
the passage of time. Our perhaps most spectacular result
is the predicted scaling of a combination of ParRep and
TAD, which is shown in Figure 2: ParRepTAD will achieve a
speed-up of up to 100,000 over the traditional TAD meth-
od. ParRepTADSim is an application simulation of an un-
implemented AMD method that combines two established
AMD methods. ParRepTAD achieves speedups of more
than 100,000 at a count of 1000 replicas, compare to the
1000 speedup of the base TAD method. ParRepTAD suc-
cesfuly uses thousands of replicas and thus compute cores,
allowing us to trade off smaller speed-ups with smaller
core counts as shown in the figure with the different plots
lines for different replica counts

The PPP component is an automatic parallelization scheme
of serial programs via a multi-step tool chain. The tool
chain itself consists of several discrete components, some
freely available open-source software (most significantly
the LLVM compiler infrastructure), and some developed by
this project. In brief: a program in any language that LLVM
or GCC can accept (C, C+ +, Fortran, etc.) is transformed to
the LLVM intermediate representation, then transformed
to introduce and maximize parallelism, essentially by
respecting exactly the data dependencies, and otherwise
ignoring the control dependencies that are often largely
artifacts of the sequential programming language. In this
form the program exhibits a theoretically maximal degree
of parallelism. Subsequent analysis and transformation
schedules the instructions with respect to a processor bud-
get, memory access constraints, data transfer costs, etc., in
other words, optimally or near-optimally on an arbitrary,
hypothetical computer architecture.

Typically the goal is to minimize make span--the time for
all computations to complete, but other metrics are pos-
sible, such as total energy consumption. In this way we can
answer such questions as “Given an architectural specifica-
tion, what is fastest a given program could possibly run on
it?” or “Given a program, what is the fastest it could run
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with current semiconductor technology but with unlimited
budget?” In the context of the whole project, this gives us
the automated performance prediction needed in the co-
design optimization loop. Independently, we believe that
the PPP capability has the potential to be a game-changer
in automated program parallelization.

Impact on National Missions

Our optimization framework consisting of the concept of
an application simulator (such as AMDSim) and the auto-
matic parallelization tool chain PPP provides the unique
capability of co-designing hardware and software on a
sound semi-formal basis. It will enable effective implemen-
tation of physics simulations on future novel computer
architectures. For our molecular dynamics application
domain, the framework is enabling us to reach regimes to
study a wealth of poorly understood phenomena of critical
importance to the lab mission, including nuclear weapons,
energy systems, and armor, to name but a few.
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Figure 2. ParRepTADSim is an application simulation of an un-
implemented AMD method that combines two established AMD
methods. ParRepTAD achieves speedups of more than 100,000
at a count of 1000 replicas, compare to the 1000 speedup of the
base TAD method.
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Abstract

We have evolved a qualitatively new predictive-science
capability exploiting emerging high-performance com-
puter architectures for multiple national-security-critical
application areas—including kinetic plasma simulation,
and free-surface ocean simulation—by simultaneously
evolving domain science, applied math and numeri-

cal methods, software, and hardware in an integrated
computational co-design process. We have further
developed new, self-consistent, two-way, scale-bridging
methods that have broad applicability to the targeted
science, will map well to emerging heterogeneous com-
puting models (while concurrently guiding hardware and
software to maturity), and provide the algorithmic accel-
eration necessary to probe new scientific challenges at
unprecedented scales. The results of our project include
1) a paradigm shift in the pursuit of world-class science
at LANL by bringing a wide spectrum of pertinent exper-
tise in the computer and natural sciences in to play; 2)

a computational co-design knowledge-base, built upon
an evolving software infrastructure; and 3) a deeper
understanding of, and experience-base with, consistent,
two-way, scale-bridging algorithms.

Background and Research Objectives

Our goal has been to define, develop, and employ a
computational co-design process, encompassing at

one end, non-trivial computational physics problems,
and at the other a range of current, emerging, and to
some degree hypothetical, hardware architectures. This
required defining at a high level the co-design process
we followed, and in more detail, the methodology. The
process broadly prescribes functional areas—domain
science, numerical algorithms and solvers, computer
science, and hardware (processor and node-level archi-
tecture)—and the communication and feedback among
them. The methodology distills our philosophy for this
largely uncharted territory. The results and deliverables
of this project fall into three main categories: a paradigm
shift in multi-scale physics on emerging architectures, a

knowledge base for computational co-design, and the
development of a community—both internal and exter-
nal—around LANL's approach to co-design.

CoCoMANS is a computational co-design project with an
algorithms focus. Our basic premise is that hierarchical
algorithm development is key to gaining computational
efficiency on next-generation architectures. This hier-
archical approach is designed to match the hierarchy of
these expected machines—vastly increased arithmetic
ability with relatively stagnant network bandwidth. It is
our view that traditional vendor interactions via proxy
applications and effective “code porting” are important,
but not sufficient, in achieving this goal. In the end, we
advocate for new algorithm development that allows for
effective use of emerging architectures and provides a
clear advancement in predictive simulation--the prover-
bial “win-win.”

Scientific Approach and Accomplishments
People working in three main functional areas staffed
our project team. First are the domain scientists whose
main task is to build applications that generate “real”
scientific results. Second are the people that focus on
solvers and numerical algorithms that are then used

to build domain science applications. Third, computer
scientists are concerned with implementing the applica-
tions, solvers, and numerical algorithms in the most ef-
ficient manner on a variety of hardware platforms. Note
that there is often significant overlap in these areas that
facilitates our co-design process. For example, numerical
algorithms people often have deep knowledge of mul-
tiple scientific domains and our computer science staff
have detailed knowledge of many different hardware
architectures.

We evolved a process of iterative refinement based on

cyclical co-design interactions between these functional
areas. Domain scientists have interacted with numerical
methods experts to develop optimal multi-scale physics
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algorithms. Computer scientists have implemented these
methods on various hardware, run tests and experiments,
and feed results back to the numerical methods staff who
then may need to provide feedback to domain scientists.
While co-design interactions naturally focus on “nearest
neighbor” relationships, there must be some notion of the
“big picture” to facilitate a broader co-design loop when
necessary.

Our accumulated co-design knowledge base consists of
artifacts created during the project life cycle. Most impor-
tantly, we have built a software infrastructure for HO codes
that allows us to target multiple, architecturally diver-
gent, hardware devices with a single source code base.
This framework lets us express our algorithms at a level

of abstraction that can be understood by a domain scien-
tist (e.g. PDEs) while simultaneously allowing computer
scientists to transparently generate efficient code for these
varying architectures.

In addition, we have produced a persistent, organized, his-
tory of our co-design process. This history is first captured
as an evolving source code repository of the many test
codes we have written—from simple micro-benchmarks
to our final compact applications. Second, we capture the
tests we have run and their results, also tying these tests
to the actual codes that were run to generate the test re-
sults. This combined knowledge base enables us to dupli-
cate, partially or in total, our co-design iteration cycles for
future, as yet unexplored, system architectures.

We have significantly advanced the concept of moment-
based scale bridging algorithms which we have referred to
as Higher-Order / Lower-Order (HO-LO) methods. We have
two distinct yet closely related approaches to this idea.
One that utilizes the Jacobian-Free Newton-Krylov (JFNK)
method and the concept of nonlinear elimination. The
other involves a Picard iteration between the HO and LO
problem with the possible use of Anderson acceleration.
Both approaches use a reduced space problem (LO) to
algorithmically accelerate the convergence of the fine scale
HO problem. Simultaneously, due to their hierarchical
nature, the HO-LO algorithms map naturally to emerging
architectures. This natural mapping allows us to maximize
use of arithmetic capability while simultaneously minimiz-
ing data motion. In essence, we are maximizing our use
of the plentiful resource, flops, while minimizing our use
of the scarce resource, network bandwidth). Additionally,
both HO and LO algorithms exploit multi-level parallelism
wherever possible. These HO-LO algorithms have a much
broader application base than what we have explored this
far, especially within the LANL ASC program.

Within our plasma physics application we have clearly

demonstrated a “Win-Win”. Using the HO-LO approach
we have develop a 2-D electromagnetic implicit PIC solver.
This solver conserves energy and is not required to spa-
tially resolve Debye lengths, all while being second order
accurate in time. This is an algorithmic first, and very
important. However, in addition, the approach allows

for significant use of on-node flops with minimal node-to-
node communication. With this 2-D compact app software
in place, we are expecting a number of important new
physics simulations to evolve while efficiently using emerg-
ing architectures.

For the most part, we have also achieved a “Win-Win” in
free-surface ocean models with tracers driving thermo-
haline circulation. We have established that a modern
JFNK-based solver, with nonlinear elimination and sub-
cycling, can achieve second-order accuracy in time simula-
tions using time steps noticeably larger than the standard
split-explicit method. The standard split explicit method
sub-cycles an explicit LO problem with in Picard iteration.
Our new approach sub-cycles the HO problem within an
implicit LO solver. It has been demonstrated that as a
result of the hierarchical nature of the algorithm, signifi-
cant on-node HO solver flops can be achieved for minimal
node-to-node HO problem communication. This will be
crucial for the efficient use of these emerging architec-
tures.

Finally, we have defined a plan for moving forward with
these concepts within the LANL ASC program with the goal
of impacting the next generation integrated codes. An
argument has been made for evolving the HO-LO concept
to multi-physics simulation involving multiple HO prob-
lems. An advanced HO-LO algorithm could enable a task-
based parallelism programing model where individual HO
problems could be executed concurrently. This is in direct
contrast to the current ASC multi-physics approach where
individual HO problems are advanced sequentially. This
latter approach will most likely run into severe synchroni-
zation & communication bottlenecks that will limit efficient
use of emerging architectures. It remains to be seen if the
LANL ASC program will invest in the development required
for this advanced HO-LO concept.

In addition to these accomplishments this project has
supported the research of three US citizen PhD students.
These students are Jeff Willert (Applied Math, NCSU,
Spring 2013), Will Taitano (NuckE, UNM, Spring 2014), and
Chris Liebs (Applied Math, Univ. of Colorado, expected Fall
2014). Two of these PHD students (Willert and Taitano)
are currently LANL post-docs both involved with the LANL
ASC program.
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Impact on National Missions

The architectural changes in computing systems that we
addressed in CoOCoMANS are expected to continue well
into the future. To effectively utilize these forthcoming sys-
tems many of the algorithms used in current computation-
al simulations will need to change. Our HO-LO approach,
proven successful in CoCoMANS, shows promise for many
related areas include nuclear weapons, fusion and fission
energy, and climate/energy effects. The research results of
this project prepare for a LANL leadership role in the DoE
Exascale Initiative and can be applied effectively to urgent
needs within the NNSA ASC program. By demonstrating a
paradigm shift in our specific application areas, we have
defined a computational co-design blueprint—the HO-LO
algorithmic approach, high-performance software frame-
works, and a pragmatic co-design process—that can be
applied to other applications requiring fine-scale physics
fidelity.
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Abstract

Vision is one of the hardest and most intriguing prob-
lems in artificial intelligence and computer science.
Advances in the field have hinged on three fundamental
challenges:(1) how to create mathematical models of
natural video sequences that can generate and inter-
pret the visual scene; (2) how to learn image feature
representations in such models across many spatial and
temporal scales and for many object categories; and, (3)
how to exploit the sheer size and richness of large-scale
video datasets now becoming available. This LDRD proj-
ect has successfully addressed these three problems and
has created novel video analysis models and algorithms
the speed of which surpasses human capabilities. Our
project has brought together world-class researchers

in statistical modeling, computer vision, and high per-
formance computing and allowed us to make a break-
through in the description and understanding of video
datasets.

Background and Research Objectives

One of the great remaining scientific challenges is to
understand the structure of the visual world. Such
understanding requires developing both the theoretical
framework and the practical learning algorithms needed
to decompose natural video sequences into a finite set
of objects, drawn from thousands of categories distribut-
ed over a wide range of spatial and temporal scales. The
widespread availability of high-resolution video cameras,
mass storage devices, and cluster-on-a-chip processors
has enabled tremendous opportunities in computer vi-
sion research, providing datasets large and rich enough
to develop new ideas for how to represent and under-
stand natural scenes. A breakthrough in this field has the
potential to impact many important tasks, from auto-
mating safety and security inspections in critical facili-
ties (e.g., nuclear reactors, hospitals), to enabling more
autonomous ground vehicles and persistent surveillance
in urban settings.

Scientific Approach and Accomplishments
Over the last three years our team brought together
world-class researchers in statistical modeling, computer
vision, and high performance computing. We pursued
new research directions for three complementary areas
of information science and technology: (1) We devel-
oped semisupervised learning algorithms to build multi-
category deep probabilistic networks and study the per-
formance of these models and algorithms on real-world
data-sets with application to object detection, classifica-
tion, and change/anomaly detection; (2) We extended
the theoretical framework of sparse representations and
compressive sensing to learn hierarchical sparse repre-
sentations that describe video data of natural scenes at
many spatial/temporal scales and many levels of object
complexity; and, (3) We exploited manycore CPU and
massively parallel GPU (graphical processing unit) com-
puting technology for efficient training and fast execu-
tion of our models and algorithms, and explore size,
weight and power (SWaP) constraints on algorithm and
software design for next-generation smart sensors.

We have integrated the advanced sparse representa-
tion algorithms (non-convex basis pursuit denoising
algorithms) into the high performance codes, produc-
ing a new code we call VAST (Video Analysis and Search
Technology). We were the highest-ranked Institutional
Computing proposal for 2013, and were awarded 1.5M
core-hours/years for 2013 and 2014. The team has pro-
duced a total of 27 publications.

The team has identified and collected a new partially-
labeled video dataset to support our core research, the
Twitter Vine social media video dataset of public data,
currently being posted worldwide at a rate of ~1M vid-
eos/day. At the conclusion of this project we have over
1 petapixel of video from this source, which has gener-
ated significant interest amongst sponsors and visitors
(to give a feel for the scale of this data base, printing
every frame at a standard 300 dpi would cover 2 million
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reams of paper, filling 15 semi truck trailers to their load
limit). Social media video is an exciting new type of data,
with many real-world applications ranging from epidemiol-
ogy to facility security to intelligence, and the volume of
social media video is expected to explode with the arrival
of wearable networked video cameras (e.g., Google Glass).
This data complements existing holdings of satellite imag-
ery, aerial video, ground video, astronomical imagery, and
social media (still) imagery that we continue to work on in
new projects.

We worked with LANL Technology Transfer (TT) Division to
support Intellectual Property (IP) protection and licensing
of tools developed under the LDRD-DR. TT has contracted
external counsel to support 3 patent filings based on our
work. This year we organized and co-sponsored a Center
for Nonlinear Studies workshop on Statistical Image Analy-
sis in conjunction with our mid-project review. Feedback
from our mid-project review was very encouraging. The
capability we are developing under this LDRD-DR has have
brought in a number of DoD and USG Phase | demonstra-
tion projects and members of our team are supporting
new projects won from DARPA (DARPA/MTO UPSIDE
program) and NNSA+DTRA. We also started developing a
collaboration with New York University (NYU) Polytech-
nic Center for Urban Science and Progress (CUSP), which
grants us access to urban remote sensing video and social
media datasets that directly support our core technical
goals and position us for follow-on projects.

We also supported one of the student teams at LANL
Engineering Institute’s Dynamics Summer School, which
provides us with the opportunity to work with video

data collected by a small remotely-piloted helicopter. We
demonstrated practical and theoretical advantages of
learning reduced sets of highly discriminative features for
classification data problems. Moreover we led an effort on
Worldview-2 wide area multispectral imagery analysis and
ground cover classification using sparse representations
over machine learned dictionaries. We also developed and
implemented methods of pre-conditioning training-data

to learn multiscale vegetative, hydrologic, and geologic
dictionaries of land cover features. Finally, we developed
and implemented an image classification algorithm for
astronomy imaging surveys from Palomar Transient Fac-
tory, improving the figure of merit by a factor of two. The
Python code implementation has been running success-
fully at NERSC since July 2013.

In the last year of our project the main accomplishments
were training the VAST code on various applied data sets
for Work-for-Other sponsors. We were able to accelerate
the training process using a clever math trick, which re-
sulted in a patent application. We applied sparse methods

to Palomar Transient data and halved their false alarm rate
for the same detection rate for optical transients. That
code is now running nightly at the Palomar Observatory.
We created a graphical user interface (GUI) tool to run
VAST that allowed exploration of social media data includ-
ing Twitter Vine videos. We demonstrated how to run
our code in virtual machines and used the Amazon cloud
to host our GUI demo and process/classify videos with
multiple object categories. Finally, a spinoff company was
created to commercialize the VAST video analytics code
base.

Impact on National Missions

The theoretical framework, algorithms and codes devel-
oped in this project have provided a solid basis for new
information science and technology capability to support
several of LANL's core mission areas. Robust, fast, auto-
mated understanding of video has the potential to revo-
lutionize analysis of large-scale video data of experiments
and simulations, global-scale environmental science, pro-
liferation detection, and safety and security applications
(perimeter security, workplace safety monitoring, remote
hazardous inspections). This capability has also significant-
ly impacted DOE/NNSA and our other US government part-
ners by enabling: autonomous vehicles using passive video
sensors, automated threat detection, forensic imagery and
video analysis tools, persistent surveillance video tools for
warfighter support, forest fire monitoring, border security,
remote inspections of infrastructure, disaster response,
and robotic space exploration. We presented our results
at leading conferences, published in high impact scientific
journals, and successfully developed projects with external
sponsors.
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Abstract

Multiple domains of scientific studies are facing prob-
lems with the analysis of large amounts of diverse
distributed fast-accumulating data [1]. Fundamentally,
there are four challenges [2] that need to be overcome.
The first is the problem of assembly: each elementary
step in the solution now depends not only on many
more data items, but also needs to reconstruct the
result from highly fragmented and distributed data.
Second, contrary to the standard model of a database
that absorbs data infrequently and formats them to be
able to answer multiple queries regarding the existing
collection, today most disciplines gather data faster than
the questions change. Third, a typical question now
depends on correlating various kinds of data streams
that do not have an intrinsic feature that can register the
items in the various streams with respect to each other.
And, finally, much of the large data can only be curated
statistically, and the analysis methods need to be robust
against errors in any single piece of data. This project
demonstrates a few commonalities between the chal-
lenges faced by these diverse domains, and finds com-
mon methods to solve them. In particular, it develops a
method for expressing the typical scientific computation
that works on many exchangeable items of data in terms
of a programming paradigm that is slightly more general
than the Map-Reduce architecture developed by Google
[3], and implementable on a wide variety of machines
connected by the internet. It also shows that one of the
most efficient means of using data to obtain information
about scientific theories, called the Maximum Likelihood
(ML) approach, can be carried out as a streaming update
or estimation from distributed data without expensive
colocation. Both of these developments can be used

in aid of virtually all scientific fields that use big data in
their inference.

Background and Research Objectives
We are fast entering the age of big data: the cost of
generating data is fast shrinking, but the cost of stor-

ing, moving, and analyzing such data is ever growing. In
addition, uncontrolled collection, use, and colocation of
big data lead to serious privacy concerns. Nevertheless,
the payoff in using such data is large, and controlling
the problems is essential if we are to answer the next
generation of scientific challenges. This is most obvious
in the problems dealing with surveillance and situational
awareness, where large quantities of diverse distributed
data need to be correlated to effect early detection of
problematic anomalies. But, the same problems arise in
deeply theoretical scientific domains where rich mod-
els of reality need to be parameterized by equally vast
amounts of observations and constrained by correlating
many kinds of data. Thus, for example, the idea that

we might, some day, be able to understand the entire
metabolome of a simple organism, or the entire connec-
tome of the human brain would remain a fantasy if we
are unable to harness the power of big data.

In many of the scientific disciplines facing this problem,
the issue is not to generate the data. Fast techniques
exist today for extracting the relevant information from
our physical world. It is rather the cost of validating and
cleaning such data, of moving them to a central location,
of assembling various fragments into meaningful units,
and of using them to parameterize scientific models
that is becoming prohibitive. Currently, every scientific
discipline that is facing this issue is using expert knowl-
edge and worker experience to find pragmatic solutions
that work in that particular field. In this fashion, com-
monalities due to the underlying integrated nature of
the problem that can be exposed by a mathematical
and computer science approach to this problem remain
unexploited.

On the other hand, the use of big data in the scientific
domains is markedly different from those in information
qguery. When one searches over a large database, one is
essentially asking questions about correlations between
various search terms. Even the scoring systems that
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characterize the importance of a result are often repre-
sented as a quantity diffusing over the network of connec-
tions between the items of data. All of these are inher-
ently linear estimation situations on data of homogeneous
and flat structure. Scientific data, by contrast, are often
hierarchical, of diverse nature, and used to fit extremely
nonlinear models.

The problem of parameter estimation is well studied and
the kind and amount of data needed are often well under-
stood by the domain experts. The problem remains that
the algorithms for such estimation are often stated for data
that is co-located. Applied to distributed data, these algo-
rithms suffer from large amounts of expensive data move-
ment. In this project, we therefore studied two aspects
of this general problem: first, we developed a method for
carrying out ML estimation in a streaming or distributed
fashion, and second, we developed a general method for
programming using distributed data stores. We then ap-
plied these developments to aspects of bio-surveillance.

Scientific Approach and Accomplishments
Maximum Likelihood Estimators are asymptotically un-
biased, consistent, and efficient; so they are the method
of choice for estimating parameters for scientific models.
Sometimes their estimation is expressed as the simple
arithmetic average of a function evaluated on individual
pieces of input data. When this is the case, it is easy to
apply it to both streaming and distributed data: essentially,
this follows from the fact that the average of data relegat-
ed to distinct stores is a simple weighted average of the
averages of the data stored in each. This simple picture
breaks down when the ML estimator is not a simple aver-
age.

Nevertheless, in many cases, the ML estimator can be
rewritten as a function of a small number of quantities,
each of which is an average. In these cases, the problem of
ML estimation can be simplified by maintaining a reduced
state consisting of these averages, and calculating the final
estimate from this state. The state is a small amount of
data that can be continuously updated and passed around.
Nick Hengartner and colleagues developed this method
into a systematic procedure. The fundamental idea in the
method is to develop an approximation for the ML estima-
tor in terms of the Taylor expansion of the log-Likelihood
function. An example of sequential estimation of the
parameter of a truncated Poisson distribution is shown in
Figure 1. The parameter estimation fluctuates initially, but,
as is expected, the ML estimator stabilizes and approaches
the correct value as the data stream from which it is ex-
tracted gets larger.

Such problems of estimation of Poisson parameters are

very common in surveillance domains where the funda-
mental problem can often be expressed as the detection
of anomalous rates of events. The theoretical model sets
the expectation of what a problematic anomaly looks like:
thus, for example, a cyber attack usually involves con-
nected sets of anomalous connections, rather than ran-
dom anomalies across the network. One, therefore, builds
models of rates of normal traffic on individual links and on
connected sub-graphs, usually modeled as a time-varying
Poisson process. As part of our project we investigated
the efficacy of updating the model in a streaming fashion
rather than re-estimate starting from the entire datastore.

Though in a different problem domain, a similar problem
arises in bio-surveillance. Isolated instances of diseases
are less of a public health threat than epidemics spread-
ing along the contact routes. Again, the primary quantity
that needs to be estimated is a rate of infection along each
contact link, where the problem is, however, complicated
by heterogeneity and comorbidities. We investigated the
nature of available data and how they may best be used to
estimate RO, the basic infection rate, and how to update
the estimate as new data comes in.

Equally important as the statistical problem, however, is
the issue of being able to program a distributed data store.
Problems in which one needs to average some quantity,
and, by the results stated above, these are aplenty, rely on
a very homogeneous view of the data store. The general
operation in which a hierarchical data structure can be
reduced to a single state in a parallel way is the central
operation in many functional languages: in particular, it is
often called a fold or a reduce operation. The other basic
piece that is needed to build up the general computation
is of course the map operation that can work on isolated
pieces of data and apply a function to them. Using these
building blocks, Google implemented a general program-
ming model call Map-Reduce that alternately applies a
Map operation, followed by sorting and collecting the data
items, and then applying reduce operation to the subsets
of the data.

The standard implementation of Map-Reduce, however, re-
quires a specialized architecture called Hadoop that auto-
matically implements the intermediate sort, and provides
redundancies and fault-tolerance that are essential for
big-data computing. Our investigators Mike Fisk and Curt
Hash presented a new idea [4] that extends this in three
ways. First, they isolated the core calculational units from
the input-output routines so that the ‘machine’ can be
used with user-defined, possible hierarchical, data formats
rather than flat key-value stores. Second, they allowed an
implementation on commodity machines on the Internet
without needing superuser privileges. Finally, they allowed
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additional operations that can bypass the expensive sort-
ing operations when those are unneeded and can allow
expression reuse. The resulting implementation called
Filemap was then tested and, as shown in Figure 2, found
to outperform Hadoop implementations most of the time.

Impact on National Missions

Big data is of central importance to a number of problems
of national interest. In particular, situational awareness
and ubiquitous surveillance needs us to be able to analyze
large stores of distributed data without co-locating them,
co-location is both expensive and raises serious privacy
concerns. This project, though directly affecting cyber-
security and bio-surveillance has the potential to affect
many other projects such as activity-based intelligence for
nuclear non-proliferation.
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Figure 1. Sequential estimation of the parameter of a truncated
Poisson distribution. The true value of the parameter is 2, and
only nonzero sample values are available. The estimator asymp-
totically reaches the true value and the fluctuations diminish
with time.

Platform __| Baseline | Time _| Filemap _| Speedup |

Laptop Serial 315.7s  410.6s 0.8x
Laptop Serial 227.4s 378.5x 0.6x
(compressed)

SMP Serial 246.3s  236.4s 1x
SMP Serial 236.4s 24.3s 10x
(compessed)

Cluster Hadoop 104.0s 52.5s 2x
Cloud Get+SMP  403.2s 29.3s 14x
Cloud Get+SMP  348.9s  35.4s 10x
(compressed)

Figure 2. Comparison of Filemap with previous implementation
in a simple task on various platforms. Except on a laptop where
its overhead of setting up the parallel structure compared to a
straight serial implementation is not compensated, it beats the
competing implementations by factors of up to 14.
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Introduction

The project aims at developing novel quantum

methods or transformations for fast signal processing. A
generalization of the well-known Fourier transform (FT)
to design transformations that could be implemented
on a quantum processor with dramatic speedups is

of interest. The quantum method will be applied to
problems in signal analysis and quantum metrology.

In particular, the project focuses on developing a
quantum variant of the so-called fractional Fourier
Transform (frFT) suitable for exponentially fast
implementation. In signal analysis, the frFT is more
powerful than the FT because it allows to eliminate
unwanted noise in more general scenarios. For a sample
of size N, a quantum frFT that could be implemented
using logarithmic in N or log(N) operations on a
guantum-information processor is ideal. (The same
transformation takes more than N >> log(N) operations
on a conventional computer.) The quantum frFT

will be used to build methods for radar analysis and
image processing that are exponentially faster than
conventional ones. The potential of such transformation
for quantum metrology (high-precision sensing) and
related quantum algorithms will also be studied.

For risk mitigation, the project includes two
complementary approaches to find the transformation.
Even if an exponential speedup for the frFT
implementation cannot be formally proved, polynomial
speedups are already a major advance towards proving
the power of quantum information in signal analysis.

Benefit to National Security Missions

This is a novel approach in quantum science with
interdisciplinary impact that will generate new
interdisciplinary collaborations. This research is a direct
response to the FY13/FY14 IS&T Grand Challenge on
quantum information science. The project also enhances

other capabilities at Los Alamos, including ensing,
metrology, and quantum cryptography.

Previous LANL research on quantum information led
the Pl to start new collaborations with Sandia National
Labs on building a small-scale quantum computer, to
obtain an NSF grant bringing summer students to LANL,
and to obtain an AFOSR grant in collaboration with

the University of Pittsburgh. The current project will
enhance LANL's capabilities in the quantum arena for

a sustainable future, allowing the ECR investigator to
start a program in quantum methods to solve important
science problems of mission relevance.

Progress

We have followed a physical approach to develop a
guantum transformation that is a good approximation
to the desired quantum fractional Fourier transform.
The approximation error decreases very fast
(exponentially fast) with the dimension of the space

of the problem, making it an excellent candidate for
applications. Remarkably, the implementation cost of
our approximate quantum fractional Fourier transform
is significantly smaller (almost exponentially smaller)
than the implementation cost of the corresponding
conventional fractional Fourier transform. Thus, the first
milestone of this project has been achieved on schedule.
Our results have been presented in conferences and we
are in the process of submitting a manuscript.

Future Work

The main task for FY15 is applying the developed
guantum fractional Fourier transform (frFT), or an
approximate version. Of special interest are problems in
simulation of continuous-variable quantum mechanics
and problems in signal analysis. In all these cases, we
expect our transformation to provide major algorithmic
guantum speedups with respect to the conventional
algorithms for these problems.
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Conclusion

If successful, our proposal on building a quantum frFT will
bring an entirely new tool for signal processing and related
guantum-information tasks, with dramatic speedups

over conventional methods for those problems. Based

on preliminary results, we expect to find a quantum

frFT with desired properties in the near future. Potential
complications may arise when looking for an efficient
implementation on a quantum processor. We will hedge
against these complications by attacking this problem
with two different approaches. Moreover, if necessary, we
can avoid excessive overhead in the implementation by
building approximate transformations instead.
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Introduction

This research explores thermal phase transitions in
quantum systems. Two sets of codes will be developed,
the first is a static, perturbative treatment. This will
extend a standard treatment for quantum gases at
finite temperature to study multicomponent, dipolar
quantum gases. The second set of codes, is a stochastic
method, this theory will more fully account for the
fluctuating nature of quantum systems. Both codes
will be used to study intriguing quantum behavior near
thermal phase transitions. Completely developing the
SPGP method in 2 years will be a challenge - there are
many technical challenges to be met. These codes will
tackle an interesting problem: thermal phase transitions.
Understanding such complex systems is a significant
challenge, with substantial payoff.

Benefit to National Security Missions

The numerical methods studied here are an important
step in developing hybrid quantum/classical codes

that can treat fundamental quantum behavior in high
temperature regimes. Solving a full quantum treatment
at high temperatures is simply not possible, and
therefore an alternate method needs to be developed
which retains aspects of quantum behavior. That is
exactly what this work does.

This work additionally looks at phase transitions of
quantum systems. This will help understand the
behavior of finite quantum systems beyond ideal
settings and conditions.

Progress
This year we have made good progress on developing
the tools need to study multi-component gases.

Russell, the postdoc, and | are working well together and
doing separate, but related projects and learning from
each other well. We are sorting through a large amount

of data and preparing a few papers.

We each have working bogoliubov codes for the
multi-component gases and we are analyzing them
in a distinct manner to more quickly develop our
understanding of them.

Russell has developed the desired codes (SPGP) and will
soon run them to the dipolar system.

Future Work

In the next year, | will fully develop a perturbative and
static treatment known as Hartree-Fock Bogoliubov
Popov (HFBP). With this code, | will study the thermal
phase transition of a two component immiscible, dipolar
qguantum gas.

Next, | will start the development of a dynamic method
known as the Projected Gross Pitaevskii (PGP) method.
This method will study two thermal phase transitions:
the miscible/immiscible character of the quantum gas
and the phase coherence as temperatures is changed.
This method will be able to go to the strongly interacting
regime, unlike the first method (HFBP).

Conclusion

The goal of this project is twofold: first, develop two
flavors of codes to study finite temperature quantum
gases. Second, study thermal phase transitions of
guantum gases. It is unknown how temperature alters
the miscible/immiscible character of ultracold quantum
gases. Additionally, study the thermal phase transitions
which dictates the coherence of the quantum gas. This
work will influence how experiments are run and how
finite quantum systems are understood.
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Abstract

“Hot” problems (supernovae, inertial confinement
fusion, oxy-coal combustion) can require an accurate
simulation of radiative heat transfer, but modeling the
nonlinear exchange of energy between moving mat-

ter and photon radiation is a considerable algorithmic
and computational challenge. The Implicit Monte Carlo
(IMC) method has emerged as the preferred approach
for high-fidelity radiation simulations, but its underlying
equations can produce nonphysical solutions for large
time steps, and its stochastic implementation leads to
statistical noise, particularly in “cold” problem regions.
We propose a novel way to use a low-order linear
algebra (deterministic) calculation to simultaneously

(1) enhance the temporal accuracy of the IMC solution,
(2) reduce its statistical uncertainty, and (3) accelerate
the overall calculation. Specifically, averaged interaction
coefficients are generated during the high order calcu-
lation and provided to a dimensionally reduced deter-
ministic solver that then calculates an estimate of the
upcoming radiation and material temperature solutions.
The approximate material temperature is then exploited
to provide time-centered (instead of time-explicit)
interaction coefficients and a physics-based time-step
controller for the upcoming IMC cycle. The approximate
radiation temperature is utilized to reduce the statistical
uncertainty in the IMC solution, to reduce the time to
solution, and to identify important problem regions to
further accelerate the calculation. Thus primed, the IMC
calculation is carried out and supersedes the approxi-
mate solution. We deployed this approach in production
software and demonstrated accuracy improvements and
reduced variance.

Background and Research Objectives

The Implicit Monte Carlo (IMC) method, first published
in 1971, provides a means of solving the nonlinear ther-
mal radiative transfer (TRT) equations, which describe
the time-dependent interaction of radiation and matter
[1]. Because the material temperature and radiation are

strongly dependent on each other (nonlinear), the IMC
method solves the time-dependent problem one time-
step at a time by assuming some of the temperature-
dependent data can be “frozen” at the beginning of a
time-step. This is accurate so long as the time-steps are
not too large and the temperature does not change too
much, but this is difficult to ascertain before examining
the solution, and the solutions are expensive enough
with respect to computer resources that they are not
typically repeated. Additionally, as the name implies,
IMC solutions are typically generated using Monte Carlo
methods in which “particles” are computer-simulated
by randomly generating them from thermal sources,
allowing them to probabilistically scatter and/or absorb
throughout the matter, and then tracking them until
they either leave the system or survive into the next
time step. In the limit of an infinite number of particles,
the solution that the particles trace out is the exact
solution of the IMC equations, but, with finite resources,
this solution always contains some stochastic “noise”,
or statistical variance. There are ways of reducing this
variance by changing the way the particles are tracked
to preserve the average solutions, but current software
uses relatively simple techniques that can result in high
variance even at high particle counts.

The objectives of this research were to provide a means
to inexpensively guess the shape of the solution at the
end of an upcoming solution in order to increase and/
or control the accuracy of the IMC solution and to
reduce the statistical variance in the IMC solution. This
is accomplished by creating a new, low-order system

of equations with many fewer unknowns than the IMC
equations that can be solved deterministically (using
linear algebra instead of Monte Carlo) before each IMC
cycle. The data needed by the deterministic solution

is constructed using information gathered from the
previous IMC time step. The deterministic temperature
solution can then be used to generate time-centered,
temperature-dependent data, which is more accurate
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than the beginning-of-time-step data, and the radiation so-
lution can be used to reduce solution variance throughout
the problem using a technique known as weight windows.
When this research began, this had never been done using
production software; it had only been demonstrated in an
academic setting [2]. Techniques that couple Monte Carlo
and deterministic solution methods are referred to as
hybrid methods.

Scientific Approach and Accomplishments

At this project’s outset, the preliminary hybrid method
employed a low-order system that is difficult to extend to
multidimensional problems. The low-order system also
required several approximations that are known to be inac-
curate for free-streaming radiation. Therefore, we derived
a new low-order system of equations that is more extensi-
ble to multidimensions and used fewer approximations [3].
We then implemented the required tally information into
Jayenne software, which is production software for solv-
ing the IMC equations. We also created a new software
package, Asterisk that coupled Jayenne software to Capsa-
icin software, which is a production deterministic software
package. Throughout the project, software verification
and regression tests were developed and exercised daily
using modern project management software (subversion,
Redmine, and CDash). Having done this, we demonstrated
the accuracy of the approach in the premier conference for
this field [3].

We then recruited a summer student, Alex Long, to assist
in the development of weight windows for variance reduc-
tion. In Jayenne and other Monte Carlo software pack-
ages, particles are often assigned a particle weight that is
allowed to vary as the particle is tracked. The magnitude
of the particle’s weight is proportional to its effect on its
contribution to the solution estimates. Previously, there
was no means of controlling the minimum and maximum
weights of IMC particles in Jayenne software. Weight win-
dows controls the maximum particle weight in a region by
splitting a single, heavyweight particle into multiple, light-
weight particles. In order to conserve energy in our ver-
sion, the minimum particle weight is controlled by making
it more likely for the lightweight particles to be absorbed.
The center of the weight window is set using the expected
radiation intensity computed by the low-order determinis-
tic method from the previous time step, which, according
to theory, produces nearly uniform Monte Carlo densities
and statistics. By the end of the summer, Alex implement-
ed a new version of weight windows into Jayenne software
and demonstrated its effectiveness through Asterisk in a
staff activity seminar, thereby providing a first-of-a-kind
capability in production IMC software. Since that time,
coupled problems using both the temperature prediction

and the weight window have since been demonstrated,
although there is more work to be done in order to make
the process more robust.

Fortunately, this project was appraised highly and was also
selected for transition to programmatic funding near its
conclusion. In particular, further studies may now con-
tinue to build on this work by expanding allowable spatial
mesh types, analyzing any limitations in the low-order
discretization, and considering alternative weight-window
centerings, in particular, using some of the recent ad-
joint work that has been proven very successful in global,
steady-state problems.

Impact on National Missions

Because this project was demonstrated by coupling exist-
ing and creating new production software, it is straight-
forward to continue the path to deployment in laboratory
software used to model high energy density physics (HEDP)
experiments, including inertial confinement fusion (ICF)
problems. These problems can require very large particle
counts and time-consuming user trial and error to prevent
statistical noise from seeding instabilities into their hydro-
dynamic evolution. Using automatic variance reduction,
as described in this work, ameliorates the adverse effects
of statistical noise on the overall solution in a user-friendly
way.

Additionally, because hybrid deterministic-Monte Carlo
methods constitute cutting-edge research in this field,
research progress and visibility in this area already has and
will continue to attract top graduate students to work at
LANL.
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Introduction

This research will create the theoretical and computa-
tional framework to model mixtures of two (or more)
materials in the “warm dense matter” regime. This will
be a new, state-of-the-art capability to model extreme
states of matter that will support future experiments at
high-energy-density-physics facilities (e.g., the National
Ignition Facility) and numerous fundamental and pro-
grammatic applications involving the hydrodynamics of
dense plasma mixtures.

Warm dense matter (WDM) conditions typically occur at
temperatures of 5000 to 10,000,000 degrees and densi-
ties from a tenth to fifty times normal solid densities.
WDM is too hot to be treated by the standard methods
of condensed-matter and liquid-state physics, but too
cool to be modeled as a weakly coupled plasma; it is
too dense to be treated as an ionized gas, but not dense
enough to approach simplifying asymptotic limits. It lies
in an intermediate region where all the physics mat-
ters and simplifying approximations are elusive. Itis a
frontier of high energy density physics of great practical
importance.

WDM mixtures lie at the heart of unsolved problems

in planetary science and stellar astrophysics. Examples
include the phase behavior of hydrogen and helium in
Jupiter and Saturn and gravitational stratification of ele-
ments in white dwarf stars. WDM mixtures also occur
during the implosion phase of inertial confinement fu-
sion capsules and in nuclear explosions.

Our proposed work lies at the forefront of this exciting
and rapidly growing field. While large-scale simulations,
such as quantum molecular dynamics, are currently the
favored approach to study WDM, they are computation-
ally very expensive — requiring hundreds or thousands
of computing hours for a single result. By contrast, our
model, based on a modern variant of the “quantum
hypernetted chain” theory, holds the promise of being a

hundred to a thousand times faster, comparably accu-
rate, and tractable for mixtures.

Benefit to National Security Missions

NASA

The primary applications thrust of our research is astro-
physical — with an initial focus on examining hydrogen
and helium phase behavior in Jupiter and Saturn, and
understanding heavy-element diffusion in DZ white
dwarf stars. In a broader sense, this research will cre-
ate a robust capability for scientists to develop accurate
equations of state and transport coefficients for wide
varieties of astrophysical phenomena.

Understanding of Materials

Warm dense matter is a frontier of materials physics.
Because it describes a region of temperature and density
space devoid of simplifying approximations, all of the
physics matters. It is also a region difficult to probe
experimentally. The capability to model mixtures in this
regime will advance our basic knowledge of materials
behavior in extremes.

MaRIE

One of the objectives of MaRIE is to probe experimen-
tally the same regions of temperature and density that
we are describing theoretically, so the two programs are
complementary. Our theoretical model could be used

to design and guide MaRIE experiments, and the experi-
mental results could be used to validate and improve our
model.

NNSA/DP and Nuclear Weapons Programs

During a nuclear explosion, and in inertial confinement
fusion, mixtures of warm dense matter can be created.
This research potentially enhances our capability of
modeling materials as they pass though this regime.
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NNSA/Non-proliferation

The ability to make accurate equations of state for a wide
variety of warm, dense, mixed materials lends itself to
better anticipating and ameliorating the effects of rogue
WMDs.

Progress

Validation of the model for warm dense matter (WDM)
mixtures

The primary means of validation of the model is by com-
parison with simulations that involve fewer approximations
but that are computationally much more expensive. These
fall into two broad categories, the so-called Quantum
Molecular Dynamics (QMD) and the Thomas-Fermi Mo-
lecular Dynamics (TF-MD). The latter is more economical
of computer time and is appropriate at high temperatures
and high densities where quantum effects become less
important. We have compared our ionic pair distribution
functions with simulations for several systems: 1) pub-
lished TF-MD mixture of copper and deuterium with excel-
lent agreement, 2) QMD simulations of a carbon-hydroge
mixture over a wide rage of temperatures and densities.
Here we found excellent agreement at high density and
temperature and very poor in the limit of low density and
temperature. Further investigation showed that chemical
bonds form between carbon atoms in the low-temperature
mixture, a phenomenon not accounted for in our model. A
comparison with our own TF-MD simulations of the same
mixture, in which bonding cannot occur, shows much bet-
ter agreement. 3) finally, a first test for a carbon-oxygen
mixture (relevant to our applications to white dwarf stars)
with our TF-MD simulation shows excellent agreement.

In summary, our mixture model is quite reliable for the
prediction of the structure of the plasma for temperatures
above 10000K and densities above that of the solid. Cer-
tain elements (such as carbon) can form strong chemical
bonds that persist in the WDM regime, in which case our
model is no longer applicable.

Diffusion coefficients

The calculation of ionic inter-diffusion coefficients ap-
plicable to white dwarf stars is one of the major applica-
tions of our mixture model. The diffusion coefficient is a
dynamic property of the plasma related to the motion of
ions but our mixture model is a purely static model. We
devised an approach by combining the output of our static
model with the dynamics modeled in a classical molecular
dynamics simulation to obtain the diffusion coefficient. As
both our model and this approach are fairly new, we have
spent considerable effort to validate it by comparison with
the diffusion coefficients obtained directly from our TF-MD
simulations for several one-component systems. We have
compared with published calculations for boron, copper,

deuterium and iron, and with our own extensive simula-
tions for aluminum. In all cases, we have found excellent
agreement, usually at the level of a few percent and never
worse than 10%. This is within the accuracy of state-of-
the-art simulations and is quite remarkable. This validates
our model and our approach and we can now proceed
confidently to mixtures. Our first calculation for a mixture
(carbon-helium) shows agreement to better than 3%. We
have started the validation for the carbon-helium mixture
over a wider range of density and temperature prior to
calculating an actual table for applications to white dwarf
stars. These results will be presented at an international
white dwarf conference near the end of FY14.

Thermodynamics of mixtures

We have developed a formulation for the calculation of
the thermodynamics of mixtures and implemented itin a
computer code. Our first test, for a published mixture of
iron-helium (in the TF-MD approximation) shows an excel-
lent agreement of better than 3% on the pressure over the
full range of mixing ratios (Fe/He=0 to 1).

Publications

Much of this substantial amount of work is ready for publi-
cation. We are well along in writing a first draft of a publi-
cation of our model for mixtures.

Future Work

Diffusion coefficients

We will complete the validation of the calculation of the in-
ter-diffusion coefficient for C/He mixture with comparisons
with TF-MD simulations, establish its range of validity and
generate a large table of coefficients with convenient fits
for use in models of white dwarf stars. If time permits, we
will do the same for another mixture of interest that has a
large asymmetry, such as calcium-helium, for application
to white dwarf stars.

Equation of state

After a suitable validation over the range of temperatur
and densities of interest, we will compute tables of the
equations of state of carbon-helium and of carbon-oxygen
mixtures in the WDM regime of interest for white dwarf
stars.

Publications

We will submit a publication on our mixture model before
the end of FY13. We will follow with a publication on the
diffusion coefficients and another on the equation of state
for carbon-helium mixtures.
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Conclusion

The primary result will be a robust capability to calculate
the equation of state and transport coefficients of warm
dense mixtures using a single, unified approach with no
adjustable parameters. We will develop the theoretical
framework, implement the model in codes, validate the
model through comparisons with experimental data and

guantum molecular dynamics simulations, apply the model

to study high-impact astrophysical problems related to
planetary luminosity and white-dwarf stars, and advance
the model to the point where it can be broadly used

to generate a variety of equations of state for mixtures
relevant to astrophysical, fusion, and national security
research.
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Aug. 2014).
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Introduction

We consider the problem of mapping an existing se-
quential code onto a model of a multi-core high-per-
formance computing (HPC) system so that the memory
access/com-munication cost is minimized. This can be
achieved by achieving high data access locality, one of
the most important properties of efficient HPC codes.
For instance, modern computer processors such as
Graphics Processor Unit (GPU) and Cell have limited
amount of local memory and the time of data transfer
between that memory and the global memory is huge
compared to the cost of computation or the cost of local
access. Hence, it is important to have a method that
maps the operations of a software code onto a hardware
model in a way that maximizes locality and data reuse,
i.e., such that as large as possible amount of computa-
tions are performed on the data in the local memory
before that data is replaced with new data. Unfortu-
nately, the corresponding mapping optimization problem
is very difficult to solve efficiently as it is NP-hard. Hence,
we will look at a subclass of all software codes, namely
nested-loops, and at a subclass of all transformations,
namely affine transformations. Previous research has
shown that those subclasses capture the most relevant
from practical point of view types of codes (as loops

are usually responsible for most of the total computa-
tion time) and, on the other hand, result in optimization
problems of manageable computational complexity.

Our goal is to address the algorithmic challenges and to
design mapping algorithms that are both accurate and
scalable and to test their performance on a prototype
mapping tool.

Benefit to National Security Missions
Co-design has been recognized as one of the high-
priority areas of research for Information Science and
Technology at LANL. This project focuses on a key step
of the software/hardware co-design process — mapping
the software representation onto the hardware model in

order to maximize data reuse and locality and increase
the amount of parallelism. The success of this project
will advance the ability of LANL and DOE in solving the
co-design problem and building competence for achiev-
ing exascale capabilities. This will lead to computers with
improved performance and price parameters, improving
the existing simulation capabilities. It will positively af-
fect multiple application areas that rely on high perfor-
mance computing and computational simulation for
their data analysis and prediction.

Progress

The goal for the second year was to complete the miss-
ing details of the optimization framework and to apply
it to a code from the PolyBench benchmark. For that
purpose, we chose the 3-poimt Jacobi-1D stencil and
applied the Pluto tool in order to determine an optimal
tile shape. Pluto is publicly available software for code
parallelization and optimization based on the polyhedral
method.

Having fixed the shape, the tile sizes were left as vari-
ables for an optimization problems, together with a few
other software and hardware parameters.Those vari-
ables were used for developing an analytical cost model
that includes analytical submodels for performance and
cost. The performance model evaluates the execution
time as a function of several software parameters such
as tile sizes, number of tiles and number of threads per
processor and several hardware ones, such as times

for transferring a data unit between different memory
types and synchronization costs for the Graphics Pro-
cessing Unit (GPU) architecture. For the cost submodel,
we chose energy as a cost measure and modeled it as a
function of the above parameters plus a few additional
ones such as the energy consumed for transferring data
between memory units of a given type.

One of our key achievements is that we were able to
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sign framework, aims at finding a combination of software
and hardware parameters that yields the best performance
tradeoff with respect to execution time and cost, in our
case cost and energy.

Our work so far showed that one of the most challenging
and risky aspects of our framework, solving an optimiza-
tion problem over a very high dimensional solution space,
can be successfully addressed by a combination of poly-
hedral and performance modeling. It also yielded the first
codesign solutions for the Jacobi-1D stencil and the GPU
architecture, and we are currently validating and evaluat-
ing these solutions.

The reported work has been done in collaboration with
faculty and students from Colorado State University and
University of Rennes, France.

Future Work

During the third year, our first task is to complete the
validation of the time and energy models. We will deter-
mine, by using micro-benchmarking, the values of several
hardware parameters used in our time and energy models.
Then we will match the times and energies predicted by
the models and those found by measuring and, by compar-
ing them, will calibrate the model and analyze its accuracy.

We are also planning to use more advanced tiling methods
applicable to high-dimensional codes, such as the hybrid
hexagonal tiling by Grosser et al. and to develop the cor-
responding optimization frameworks. That will allow us to
apply the methodology to 2D stencils such as Jacobi-2D.

We will furthermore extend the results to multi-GPU sys-
tems, which generally is a very challenging task. However,
thanks to our polyhedral approach, this task can be made
feasible by generating higher-level tiles that can be sent to
different GPUs, combined with the lower-level tiles already
used in our single-GPU model. That will increase the num-
ber of variables of the optimization problem, but given the
efficiency of the existing optimization algorithm, we expect
the problem to be solvable in very reasonable time.

Another interesting problem that we hope we will have
time to work on is combining several different codes into
the same optimization problem. That will correspond to
the problem where a hardware platform has to be opti-
mized for executing several, rather than a single, algorithm.

We will formulate several versions of the optimization
problem discussed above and develop efficient algorithms
for their solutions. We will combine our new algorithms
in a proof-of-principle tool and will test it on optimizing
nested loops for GPU type architectures. The loops will
be chosen both from simple linear algebra and numerical
methods codes during the development phase, as well
as on advanced codes used at LANL (e.g., in molecular
dynamics simulations) for which GPU type implementa-
tions exist. The goal will be to compare the quality of our
solution against hand-optimized GPU implementations in
order to validate the results.
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Introduction

Event and object recognition requires analysis of massive
guantities of data to detect and identify static or dy-
namic patterns of interest. One challenge for automated
object recognition, and machine learning in general,
arises from the fact that in spite of huge and growing
guantities of data, complex event recognition often re-
mains ill-posed. The object recognition ambiguity can be
addressed by exploiting the fact that events rarely occur
in isolation; they tend to co-occur and co-vary, and this
correlation structure, known as context, provides impor-
tant information for the disambiguation of the event.
However, while being extremely useful for disambigua-
tion of events and objects, such context-aware know!-
edge discovery typically leads to a significant increase in
the number of features to be analyzed. Modeling contex-
tual information and scaling machine learning methods
for context aware object recognition to large problems
are among the most challenging issues in developing the
next generation of information extraction approaches.

We aim to develop novel efficient machine learning and
inference methods for context aware probabilistic recog-
nition of complex events and objects based on Markov
and Conditional Random Fields. Development of scalable
context learning and inference methods for probabilistic
object recognition will have implications in many do-
mains, such as computer vision, image interpretation,
bioinformatics, text analytics, and web search. Further-
more, the problem of efficient learning and inference

in general structure random fields is closely related to
several important combinatorial optimization problems.
Methods developed in this project will therefore facili-
tate progress in combinatorial optimization, probabilistic
graphical modeling, and related areas.

Benefit to National Security Missions
This project contributes to addressing the Information
Science and Technology Grand Challenge - the develop-

ment of breakthrough mathematics and computer sci-
ence required to extract knowledge from massive quan-
tities of data. Current approaches to event and object
recognition in imagery are overwhelmed by the number
of images, the sizes of images (e.g., high-resolution
satellite image can be up to 1079 pixels and larger), and
the diversity of visual features associated with objects
of interest. Current approaches are also facing a need
to deal with increasing use of signature suppression,
camouflage, concealment, and deception. Context aware
data mining will provide an ability to disambiguate data
interpretation and focus human analysts on “hot spots”
in such data.

The project is also related to the Threat Reduction mis-
sion. If successful, our methods will increase the produc-
tivity of human analysts, optimize the use of high-value
sensors (which typically have a narrow field of view) for
monitoring of wide areas, and improve the timeliness
and accuracy of decision making.

Progress

We posed contextual Conditional Random Fields based

modeling and learning as a structured machine learning
problem, which is about learning knowledge from data

with internal structure in the form of one or more rela-

tions between co-occurring objects.

We made advancements in developing approaches to
approximate inference and learning of general models
via decomposition and message scheduling techniques.
The key problem is that the contextual modeling based
on graphical probabilistic models faces a challenge of
computational intractability of inference if underlying
probabilistic graphical model contains cycles. This is the
case in many real world cases. Therefore, computation-
ally efficient inference is crucial for both learning and
recognition, as they both require performing inference
to assign classification labels to objects. We continued
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our research on the use of pseudo-likelihood approxima-
tion of the true likelihood of the original loopy graphical
model, and evaluated it using synthetic and real-world
datasets. We have extended work on pseudo-likelihood
likelihood approximation by considering larger composite
blocks over which approximate inference is done. We also
investigated and developed an approach how to decom-
pose loopy graphical model into a set of tractable acyclic
sub-graphs which are combined into an approximate
model. The acyclic sub-graphs are combined in a special ar-
chitecture so that they improve upon each other to better
approximate the true loopy graphical model. We plan to
extend this work next year. We also investigated and vali-
dated asynchronous tree-based message passing schedul-
ing that was used to approximate the true likelihood. This
makes inference more efficient than frequently used loopy
belief propagation scheme. This is another line of research
that will be extended into next year. Based on our results,
we have produced two journal publications, two papers
publications (in books), one conference paper submitted,
and one conference paper is under preparation.

Future Work

We plan to investigate and develop algorithms for maxi-
mum a posteriori and maximum posterior marginal estima-
tion in probabilistic graphical models. We will focus on
tree-structured approximations of probabilistic inference,
learning and approximate computation of marginal distri-
butions for Conditional Random Fields.

For validation, we will utilize datasets used in the comput-
er vision community.

Conclusion

Our goal is to develop efficient machine learning and infer-
ence algorithms for probabilistic modeling of contextual
information and context-aware object recognition based
on Markov and Conditional Random Fields (M&CRFs). This
will broadly entail investigating and developing efficient
algorithms for approximation of probabilistic inference

in graphical models and learning M&CRF based contex-
tual models. While developing these algorithms will have
implications in many problem domains, we will focus on
computer vision, on a challenging problem of object recog-
nition in an unconstrained environment, for validating our
algorithms.

Publications

Burr, T., and A. N. Skurikhin. Approximate inference options
in data models for image analysis. 2013. presented at
the Statistical Image Analysis Workshop, Santa Fe, NM,
LAUR 13-21603.

Burr, T., and A. N. Skurikhin. Conditional random fields for
inverse problems in structured data. 2014. In Encyclo-
pedia of information science and technology. Edited by
Khosrow-Pour, M.., Third Edition, p. 6167. Hershey, PA,
USA: IGI Global.

Burr, T., and A. N. Skurikhin. Algorithms for approximate
Bayesian computation. 2014. In Encyclopedia of infor-
mation science and technology. Edited by Khosrow-
Pour, M.., Third Edition, p. 1559. Hershey, PA, USA: IGI
Global .

Burr, T., and A. Skurikhin. Pseudo-likelihood inference for
Gaussian Markov random fields. 2013. Statistics Re-
search Letters. 2 (3): 63.

Burr, T., and A. Skurikhin. Selecting summary statistics in
approximate Bayesian computation for calibrating sto-
chastic models. 2013. BioMed Research International.
2013: 10 pages.

Skurikhin, A. N.. Learning tree-structured approximations
for conditional random fields. To appear in the Applied
Imagery Pattern Recognition (AIPR) annual workshop.
(Washigton, D.C., 14-16 Oct. 2014).

Skurikhin, A. N.. Hierarchical spanning tree-structured ap-
proximation for conditional random fields: an empirical
study. To appear in the International Symposium on
Visual Computing. (Las Vegas, NV, 8-10 Dec. 2014).

Skurikhin, A. N., S. R. Garrity, N. G. McDowell, and D. M.
Cai. Automated tree crown detection and size estima-
tion using multi-scale analysis of high resolution satel-
lite imagery. 2013. Remote Sensing Letters. 4 (5): 465.

291



Information Science & Technology

Exploratory Research
Continuing Project

A New Approach to Multiscale Plasma Physics Simulations

Gian L. Delzanno
20130334ER

Introduction

Plasmas are characterized by a wide range of spatial
and temporal scales, and pose a formidable challenge
to the numerical modeling and to our ability to perform
predictive simulations. This project focuses on a new
method that promises to solve some longstanding issues
in computational plasma physics and, in particular, of
Particle-In-Cell (PIC) approaches (which are commonly
used to model microscopic plasma phenomena). Ours is
essentially a spectral approach, where the distribution
function in velocity space is not handled by superpar-
ticles as in PIC, but by an expansion in a suitable basis.
The method is then cast as a series of partial differential
equations for the coefficients of the expansion. First,
our preliminary results indicate that this approach can
achieve machine precision accuracy with a relatively
low number of basis functions and at a small fraction of
the computational cost incurred to obtain a (much less
accurate) solution with a PIC code. Second, since the low
order terms of the expansion correspond to the typi-
cal macroscopic moments (density, mean velocity and
energy), the microscopic/macroscopic coupling critical
to multiscale plasma physics is naturally built-in. We
have successfully demonstrated on a test c